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FOREWORD 


Roads smoothly and efficiently move us from place to 
place, and, by concentrating movement in somewhat 
straight strips, limit the big footprint of impacts on 
nature. But most roads were built before the rise and 
spread of ecology through society. As a consequence in 
part, roads with traffic cause significant and widely 
permeating effects on natural systems. Mitigation of 
today’s surface transportation system therefore stands 
as a primary challenge of society and transportation. 
Furthermore in rapidly developing areas worldwide 
new roads proliferate, which now can be built with 
solid ecological foundations. 

Nature within the strip of road and roadside is, of 
course, degraded. Mitigation reduces that effect, but 
especially minimizes the outward-rippling degradation 
across the land. What nature is affected, or natural 
systems disrupted? Three dimensions are central: 
(1) habitat and plants, (2) water quantity and quality 
and (3) wildlife. Roads and wildlife are the highlight of 
this book, though valuable insights on the other two 
dimensions appear. 

The pages in your hand are a tour-de-force, a gem, 
indeed a treasure chest. I find it readable, interesting, 
practical, useful and ambitious. The remarkable cast 
of authors has uncovered a goldmine for us. The 
editors catalysed extra rigor and consistency, thus 
encouraging comparisons and usability. Virtually, 
every chapter begins with several succinct topic state- 
ments, which pinpoint the essence and also provide 
an overview. These statements are then analysed as 
the sections of text. Mitigation is the focus, though 
new road construction in developing nations is 
included. Wildlife, including different faunal groups 
and different regions, is emphasised. An international 
perspective thoroughly permeates the presentation. 


XX 


Policy, planning and practice are highlighted along- 
side research and state-of-the-science results. I gained 
insight into every chapter perused. 

Building on this accomplishment, analogous 
books highlighting roads and vehicles relative to 
vegetation and water would be valuable. Habitat, 
vegetation and plants are emasculated by roadside 
cutting and mowing. Fortunately, converting most 
(though not all) roadside area from grassy to woody 
vegetation is consistent with traffic safety and cost 
efficiency. Consider the numerous ecological and 
societal benefits. New habitat created, and existing 
adjacent woody habitat enhanced. Wildlife popula- 
tions increased, probably well exceeding any increase 
in roadkills. Road crossing facilitated, thus reducing 
the habitat fragmentation and barrier-to-movement 
effect against wildlife and pollinators. There was 
reduced spread of airborne chemical pollutants from 
roadway and vehicles. Rare plants, animals and hab- 
itats enhanced on roadsides, especially important 
where scarce in agricultural and urban landscapes. 

Water in varied forms poses endless problems, both 
familiar and as surprises, for transportation. Think of 
road-closure flooding, washouts/roadbed failures, wet 
driving surfaces, drainage-ditch filling, eroded road- 
sides, mudslides/landslips, frost cracks and potholes, 
snow-and-ice surfaces, blowing snow and too much 
snow. Water quantity-and-quality problems for nature 
are also severe. The soil water table is widely altered 
(raised or lowered) by roads. Where the water table is 
close to ground surface, wetlands are altered (drained 
or expanded). Fortunately, ‘eco-piping’ or permeating 
the roadbed with pipes crossing beneath a road main- 
tains more natural water tables and wetlands. With 
permeated roadbeds, floodwaters seldom reach road 


surfaces and rarely wash out roads. The hydrologic 
connectivity through roadbeds supports more natural 
fish movements, and happy anglers. The same pipes 
connect the land for many small terrestrial animals. 
Drilling and inserting horizontal pipes is a routine, 
and in view of this array of benefits, cost-effective 
technology. 

Water-quality pollution benefits follow suit. Most 
vehicle- and road/roadside-generated chemicals are 
readily ‘treated’ near roads in elongated mitigation 
structures (depressions, wetlands, ponds). Soil and 
microbes mainly clean the water. Polluted heated 
ditch-water entering nearby water bodies is largely 
eliminated using familiar stream features (convoluting, 
step-damming) plus tall vegetation (wind-and-sun 
evapotranspiration pumping). Again these manifold 
water quantity and quality benefits are consistent with 
safety and efficiency, cost effectiveness, and engineering 
design creativity. 

A decade ago, four transportation leaders, a leading 
hydrologist, and nine ecology-research scholars co- 
wrote the book, Road Ecology: Science and Solutions. 
This synthesized a scattered literature and articulated 
principles linking roads/vehicles, soil/water/air and 
plants/animals. One of our dreams was the highly 
useful compendium now in your hand. 

The scientist in me inexorably jumps from this 
treasure chest of insight to pregnant and important 
research frontiers awaiting us. How do our current 
ecological science results apply to the diverse types of 
roads and traffic levels criss-crossing the land? The 
ecology of road segments and especially road networks 
in a landscape cries out for study. Where is the ecology 
of different truck, car, tire, even road surface types? 
What is the (ecology and cost) optimum distance 
between road-crossing structures for different wildlife 
types? How can the ubiquitous utility poles along roads 
be used in mitigation solutions? To understand roads 
and wildlife populations, the non-roadkill dimensions 
now need much greater emphasis. As suggested earlier, 
habitat/plant and water quantity/quality dimensions 
of road ecology are lurking giants, awaiting a few pres- 
cient researchers and leaders. 
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My government-and-citizen-side hones in on the 
need and opportunity to accelerate solutions now for 
transportation, the land and us. Every roadbed, bridge 
and culvert repair/replacement is the cost-effective 
moment to concurrently address other goals of society, 
such as walking/biking paths, reduced flooding, 
enhanced fish movement, reconnected split communi- 
ties and so forth. Roadsides represent a massive little- 
used resource (for nature and us) at our doorstep. 
Roadside food production, trail networks, stormwater 
and pollution mitigation, history-and-nature educa- 
tion effectively create variegated roadsides, bulging 
with useful solutions for society. Light, noise, vibration 
and wind can be dispersed or concentrated, as well as 
decreased or increased. Eco-piping or pipe-perforated 
roadbeds provide lots of benefits quickly. The ‘road- 
effect zone’ provides a ready framework for ecologically 
planning, engineering and mitigating roads. In parks, 
towns and sprawl areas, curvy, slightly bumpy and 
seemingly narrow roads slow traffic and reduce effects 
on wildlife. In every jurisdiction, remove a road seg- 
ment or two to create continuous ecologically valuable, 
large natural-habitat patches. By lowering (e.g. 2-3 m) 
short stretches of roads in good-drainage areas, inex- 
pensive green-bridges (with some 10 cm of sandy soil) 
will help re-establish semi-natural wildlife movement 
patterns across the land. And just on the horizon, a 
transportation system slightly above or below ground 
level, using lightweight renewable-energy automated 
pods, effectively recovers an extensive area of road/ 
roadside-covered terrain. Furthermore this ‘netway 
system’ reconnects today’s fragmented land for nature 
and us. Indeed, on an exhilarating netway ride at 
London’s airport I experienced the future. 

Road ecology and this book’s impressive synthesis 
highlight a great opportunity for planners, engineers 
and ecologists to collaborate for new successes, and 
receive important accolades together. History will 
record that transportation, land-and-water, and society 
are the big beneficiaries. 


Richard T. T. Forman 
Harvard University 


PREFACE 


This book brings together some of the leading research- 
ers, academics, practitioners and transportation 
agency personnel from around the world to focus on 
the challenge of improving the ecological sustainability 
of the linear infrastructure — primarily road, rail and 
utility easements — that dissects and fragments most 
landscapes around the world. Where possible, we aimed 
to have co-authors from different continents on every 
chapter — and indeed, many authors are collaborating 
together for the first time on this book. 

When authors were invited to contribute, we gave 
them this initial challenge: ‘Imagine you are in charge 
of your professional world for a day, and could change 
anything to improve the ecological sustainability of 
roads (or other linear infrastructure) and traffic: what 
six to eight things would you change or want people to 
learn and do differently?’ Conversely, a second challenge 
posed to the authors was slightly more pessimistic: 
‘Identify the six to eight mistakes that you regularly see 
or experience in your area of practise and write about 
those and how to avoid them’. This approach appeared 
to stimulate our authors and provided a tangible 
grounding for their writing — but the real challenge came 
when we tried to impose an average word limit for each 
chapter of 3,000 words! In hindsight, the word limit 
was probably too restrictive for some topics, but it 
forced authors to be concise and succinct — which we 
hope you, the reader, appreciate! 

Chapters are written as a series of lessons, insights 
or principles (hereafter referred to only as lessons) that 
forced authors to be very specific about their key points. 
Many struggled with this style — but our hope is that it 
allows you to quickly identify the pertinent informa- 
tion to help you in your day to day tasks. We realised 


that time is precious — and for most of you — time is 
money (yours or your bosses!) and we have designed 
the book so you can quickly and efficiently find the 
answers to your questions and get back to the plan- 
ning, designing, building, maintaining or granting 
approvals to build roads or other transportation infra- 
structure. And in the likely event that this book does 
not answer all your questions, the further readings and 
up-to-date reference lists for each chapter should point 
you to the extra information you need. 

The chapters span the project continuum - starting 
with planning and design, through construction and 
into maintenance and management. Research and 
monitoring is such an important aspect that it sits like 
an umbrella, encompassing all phases of a transporta- 
tion project. Rigorous monitoring and evaluation of 
the impacts of a road or effectiveness of mitigation 
often requires the collection of data before the road or 
mitigation is built — hence the chapters on monitoring, 
evaluation and maintenance come before the impacts 
and mitigation are described. A significant proportion 
of the book focuses on impacts and solutions for species 
groups and specific regions. The rate of major road con- 
struction in the United States, Australia and Western 
Europe has slowed, while developing countries are 
expanding their road and rail networks at an incredibly 
rapid rate. This book highlights some of the unique 
regional challenges with case studies from Asia, South 
America and Africa. 

Chapters are designed to be stand-alone — you do not 
need to read the book from cover to cover, or even from 
front to back, to be able to use its contents. We envisage 
that readers will come to our book when facing a 
challenge — or rather an opportunity — and they can dive 


into the relevant chapter to improve their understanding 
of the major problems and the array of current possible 
solutions. Nevertheless, we have endeavoured to ensure 
that chapters build upon and complement each other — 
so reading (or even skimming) it from cover to cover 
won't be a waste of time. Extensive cross-referencing 
among chapters directs the reader to relevant material 
elsewhere in the book. 

We should point out what this book is not: it is not a 
series of standards for the design of roads or mitigation 
measures. These standards and guidelines already exist 
in many countries, states or regions and we did not 
want to repeat them here. If they don’t exist in your 
region, there are enough around to borrow from in 
order to develop your own. And because the optimal 
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design and placement of, for example, crossing struc- 
tures, fences or wildlife detection systems should evolve 
as our understanding and technology improves, such 
specific information would be quickly out of date. All 
the authors in this book have strived to identify the 
greatest challenges and opportunities and write about 
them in a way that is timeless. 

Our sincere hope is that this book improves the way 
roads and other linear infrastructure are planned, 
designed, approved, built, maintained and studied. 


Rodney van der Ree 
Daniel J. Smith 
Clara Grilo 
September, 2014 
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SUMMARY 


Roads, railways and utility easements are integral components of human society, allowing for the safe and 
efficient transport of people and goods. There are few places on earth that are not currently traversed or 
impacted by the vast networks of linear infrastructure. The ecological impacts of linear infrastructure and 
vehicles are numerous, diverse and, in most cases, deleterious. Recognition and amelioration of these impacts 
is becoming widespread around the world, and new roads and other linear infrastructure are increasingly 
planned to avoid high-quality areas and designed to minimise or mitigate the deleterious effects. Importantly, 
the negative effects of the existing infrastructure are also being reduced during routine maintenance and 
upgrade projects, as well as targeted retrofits to fix specific problem areas. 
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Handbook of road ecology 


1.1 Global road length, number of vehicles and rate of per capita travel are high and predicted to 
increase significantly over the next few decades. 

1.2 The ‘road-effect zone’ is a useful conceptual framework to quantify the negative ecological and envi- 
ronmental impacts of roads and traffic. 

1.3 The effects of roads and traffic on wildlife are numerous, varied and typically deleterious. 

1.4 The density and configuration of road networks are important considerations in road planning. 
1.5 The costs to society of wildlife-vehicle collisions can be high. 

1.6 The strategies of avoidance, minimisation, mitigation and offsetting are increasingly being adopted 
around the world — but it must be recognised that some impacts are unavoidable and unmitigable. 

1.7 Road ecology is an applied science which underpins the quantification and mitigation of road 
impacts. 

The global rates of road construction and private vehicle ownership as well as travel demand will continue 
to rise for the foreseeable future, including at a rapid rate in many developing countries. The challenge cur- 
rently facing society is to build a more efficient transportation system that facilitates economic growth and 
development, reduces environmental impacts and protects biodiversity and ecosystem functions. The legacy 
of the decisions we make today and the roads and railways we construct tomorrow will be with us for many 


years to come. 


INTRODUCTION 


Since ancient times, trails and roads have connected 
settlements and facilitated the movement of goods and 
people around the world. The Appian Way (over 
500km long), built in the second and third centuries 
BC in Italy for military and trade purposes, was one of 
the first improved (hard-surfaced) highways. Portions 
of this road still remain today, a testament to the high- 
quality engineering and construction practices of the 
Roman Empire and the importance of roads to human 
society. Up until the early 1900s, the majority of the 
roads linking cities and towns were mostly unim- 
proved, and paving with brick, concrete or asphalt only 
became common when mass production of vehicles 
began and the demand for better quality roads and 
more efficient routes increased. Depression-era public 
work programs designed to provide employment 
opportunities and stimulate economies also facilitated 
a significant increase in paved roads. Today, road con- 
struction is still an important driver of economic 
growth, both during construction and for its long-term 
effects. Roads are now conspicuous components of 
almost all landscapes globally, and set to expand even 
further into the future (Lesson 1.1). 

Transportation infrastructure and roads, in particu- 
lar, are pivotal to economic and social development by 


providing access to markets, places of employment, 
businesses, health and family care, leisure activities 
and education. Governments and international devel- 
opment banks see the construction of new roads and 
improvement of existing roads as priorities to improve 
livelihoods. However, the benefits of improved access 
vary regionally and by road type (e.g. Fan & Chan- 
Kang 2005), and not all rural road projects result 
equally in increased agricultural productivity and/or 
poverty reduction (Laurance et al. 2014; Chapter 2), 
and in some cases the costs outweigh the benefits. Once 
built, roads are nearly permanent elements in the land- 
scape, and the wrong road (e.g. motorway/expressway 
vs. unpaved road) in the wrong place (e.g. roadless wil- 
derness vs. agricultural landscape) can have long-term 
consequences for both society and the environment. 
Planning and impact assessment processes must prop- 
erly account for all the costs, benefits and environmen- 
tal impacts to ensure that the future road network is as 
sustainable as possible, particularly in regions where 
the rate of road construction is currently high or set to 
increase (see Chapter 5). 

The broad aim of this chapter is to provide the neces- 
sary background and context for the many topics cov- 
ered in this book. While primarily focused on roads and 
vehicles, the lessons in this chapter and book can be 
applied to all types of linear infrastructure. 
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LESSONS 


1.1 Global road length, number of 
vehicles and rate of per capita 
travel are high and predicted to 
increase significantly over the next 
few decades 


The total length of paved and unpaved roads on earth 
currently exceeds 64 million km; enough for 83 
round-trips to the moon (CIA 2013). Roads dominate 
most landscapes worldwide — for example, 83% of the 
continental United States is now within 1km of the 
nearest road of any type (Riitters & Wickham 2003). 
There is approximately 5 million km of road across 
the 27 countries of the European Union (EFR 2011). 
The emerging economies of China, India and Brazil 
are already among the top five countries in road 
length (4.1, 4.7 and 1.6 millions km, respectively) 
(CIA 2013) and they have ambitious plans to further 
increase the capacity of their transportation net- 
works (Chapters 50, 52 and 57). Globally, an addi- 
tional 25 million lane-kilometre of paved road are to 
be built by 2050, 90% of which will be in non- 
Organisation for Economic Co-operation and 
Development (OECD) countries (Dulac 2013). The 
870 million vehicles around the world in 2009 are 
expected to more than double by 2050 to between 1.7 
and 2.8 billion (WEC 2011; Meyer et al. 2012). The 
majority of these cars will still be in developed coun- 
tries (with a 33% increase from 2000 to 2050), even 
though non-OECD countries will have a five-fold 
increase in vehicles by 2050 (Fulton & Eads 2004). In 
2000, the total vehicular travel worldwide was esti- 
mated at 32 trillion passenger kilometre per year (up 
from 2.8 trillion in 1950), and by 2050 is predicted to 
be 105 trillion passenger kilometre per year, of which 
about 42% will be by car, the remainder by bus, rail 
and air (Schafer & Victor 2000). 

The predictions of growth in road length, per capita 
travel and car ownership are based on models with a 
range of assumptions and will ultimately be influ- 
enced by fuel availability and pricing, climate change 
limits, a desire for increased mobility and other tech- 
nological, economic, environmental and social priori- 
ties and constraints. While the magnitude of the 
predictions may be debated, all models predict a mas- 
sive increase in the number of vehicles, road length 
and travel distances. The challenge for society is to 
acknowledge this potential rate of growth and decide 
(i) if it is mecessary or desired; (ii) where it should 
occur; (iii) the preferred mode of transport (e.g. cars, 


high-speed trains or air travel); and (iv) the design and 
management of the transport network (e.g. road 
design and type of mitigation). Importantly, the 
impacts and solutions proposed in this book and the 
wider road ecology literature are based on the scale 
and extent of the current road network. The predic- 
tions of growth, even if only partially correct, require 
urgent and effective actions now. 


1.2 The ‘road-effect zone’ is a useful 
conceptual framework to quantify 

the negative ecological and 
environmental impacts of roads 

and traffic 


The ‘road-effect zone’ is defined as the area over which 
the ecological effects of roads and traffic extend into the 
adjacent landscape (Forman & Deblinger 2000), includ- 
ing noise, light and chemical pollution; disturbance 
effects; and habitat modification (Fig. 1.1). The size of 
the road-effect zone is determined by the characteris- 
tics of the (i) road (width, surface type, elevation rela- 
tive to adjacent landscape); (ii) traffic (volume, speed); 
(iii) adjacent landscape (topography, hydrography, veg- 
etation type, habitat quality); (iv) prevailing wind speed 
and direction; and (v) species traits and their sensitivity 
to the impact. Road effects have been observed many 
hundreds to thousands of metres from the road itself 
(Reijnen et al. 1995; Forman & Deblinger 2000; 
Boarman & Sazaki 2006; Eigenbrod et al. 2009; 
Benitez-Lopez et al. 2010; Shanley & Pyare 2011). The 
impacts are usually greatest closer to the road and 
either diminish gradually with increasing distance from 
the road or exhibit thresholds with steep changes in 
responses (Eigenbrod et al. 2009). The road-effect zone 
is a useful approach to quantify and mitigate the nega- 
tive effects of roads and traffic because it helps regional 
planners calculate the extent of the area impacted by 
existing roads (e.g. 15-22% of continental United 
States) (Forman 2000) or likely to be impacted by pro- 
posed roads (e.g. Williams et al. 2001). 


1.3 The effects of roads and traffic 
on wildlife are numerous, varied 
and typically deleterious 


Roads and traffic can significantly affect individual 
wildlife, populations and communities, and landscapes 
(Figs 1.1 and 1.2). These impacts can begin during 
construction and may continue as long as the road 
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Figure 1.1 The road-effect zone, showing the area over which the ecological impacts of roads and traffic extend. The size of 
the road-effect zone is affected by a range of parameters — here we show four: (1) vegetation type; (2) direction of flows such as 
wind and water; (3) topography; and (4) road and traffic characteristics. The relative size of the road-effect zone for each 
parameter is illustrative only and not indicative; for example, the road-effect zone is not necessarily three times larger in flat 
than mountainous terrain. Source: Photograph by Zoe Metherell. Reproduced with permission of Zoe Metherell. 


remains operational or until the impacts are mitigated. 
The majority of impacts are typically deleterious, and 
if severe enough, can reduce the size of populations of 
wildlife, with a concomitant increase in the risk of local 
extinction. These impacts are summarised here, and 
expanded on in subsequent chapters: 

¢ Habitat loss: The construction and expansion of 
transportation corridors results in the clearing of 


vegetation and a loss of habitat at and adjacent to the 
road (Figs 1.2 and 2.1). Roads attract people and encour- 
age further development, often resulting in further clear- 
ing of vegetation after road construction. Indirect loss of 
habitat also occurs through degradation, and this can 
exceed the amount of habitat directly cleared for the road. 
¢ Habitat degradation: Due to a range of interacting 
biotic and abiotic effects, habitat quality often declines 
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Figure 1.2 Impacts of roads on individual wildlife, populations and ecosystems. Habitat is lost to build the road and habitat 
adjacent to the road is degraded. The most obvious impact of roads and traffic on wildlife is mortality due to Wildlife-vehicle 
collisions WVC (A). Some species are attracted to resources (e.g. carrion, spilled grain or heat for basking) on the road or 
roadside (B) which, depending on the animals ability to avoid traffic, may result in death due to WVC (C). The barrier or filter 
effect reduces the movement of animals across the road and a proportion of individuals that attempt to cross are killed due to 
WVC (D) and some make it across (E), while others are deterred from crossing by the road (F) or degraded roadside habitat (G). 
Other species actively avoid the road or degraded habitat (H). By contrast, some species use the roadside vegetation as habitat 
and/or as a corridor for movement (I). Source: Illustration by Zoe Metherell. Reproduced with permission of Zoe Metherell. 


adjacent to linear infrastructure. For example, the 
abrupt edges along linear clearings modify microcli- 
matic conditions and encourage weed invasion, and 
specialist ‘habitat interior’ species of plants and ani- 
mals are often outcompeted by ‘edge-adapted’ general- 
ist species. Edge effects are particularly pronounced in 
tropical ecosystems (Chapter 49). 

e Barrier or filter to movement: The creation of 
gaps in habitat can prevent or restrict the movement of 
wildlife that avoid clearings, and the noise, light, and 
chemical pollution and disturbance from vehicles will 
exacerbate these effects. Road width, whether it is 
paved or unpaved, and traffic volume affect the severity 
of the barrier effect (Riley et al. 2006) and species- 
specific thresholds exist. The type of movement 
affected varies, including (i) individuals’ daily access 


to important resources; (ii) seasonal migrations of 
entire populations; and (iii) once-in-a-lifetime dispersal 
events, all of which can have significant consequences 
for individual survival, gene flow and population 
persistence. 

e Wildlife mortality due to wildlife-vehicle collisions 
or WVC: Animals that attempt to cross roads or are 
attracted to the road surface have an increased risk of 
being involved in WVC and being killed or injured (e.g. 
Figs 26.2A, 32.2, 32.3, 33.1, 35.1, 38.2). 

* Avoidance: Some species of wildlife avoid the road- 
effect zone due to traffic disturbance and/or habitat 
degradation, resulting in a reduction of habitat or a 
barrier to movement. 

¢ Attraction: Roads and roadsides can attract some 
species by providing resources or enhanced 
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opportunities. For example, reptiles may bask on the 
warm surface of the road, herbivores may forage on 
the enhanced plant growth on roadsides and scaven- 
gers can be attracted to feed on roadkill (e.g. Figs 26.2B, 
26.3A, 26.4, 46.6). 

* Habitat and/or corridor for movement: In some 
highly modified landscapes, roadside strips can provide 
the majority of habitat for wildlife (e.g. Fig. 46.3). 
Many adaptable species of wildlife, including invasive 
species (Seabrook & Dettmann 1996), use the cleared 
roadways and railways to efficiently move around the 
landscape (Fig. 26.3B). 

The nature and severity of these effects vary among 
species because of their different morphological, eco- 
logical and behavioural traits. Importantly, most effects 
rarely operate in isolation (e.g. Farji-Brener & Ghermadi 
2008), and many act synergistically. For example, ani- 
mals that avoid roads have low rates of mortality due 
to WVC because they rarely attempt to cross, but bar- 
rier to movement effects may be high, potentially sub- 
dividing the population into smaller sub-populations. 
This arrangement is often called a metapopulation — a 
set of discrete populations of the same species occur- 
ring within the same area that exchange individuals 
through dispersal, migration or human-assisted move- 
ment (after Hanski & Simberloff 1997). The persis- 
tence of the metapopulation depends on the number 
and size of the sub-populations and the level of con- 
nectivity among them, and the risk of extinction 
increases as sub-populations become fewer, smaller 
and/or less connected. Species that are attracted to 
roads may suffer high rates of mortality due to WVC if 
they are unable to avoid oncoming vehicles, or con- 
versely, low rates of mortality if they avoid oncoming 
vehicles (e.g. low-mobility species such as amphibians 
versus high-mobility species such as scavenging 
carnivores). 

A recent review demonstrated that roads and traffic 
have had detectable population-level effects by reduc- 
ing the size or density of populations near roads for 
many species (Fahrig & Rytwinski 2009; Chapter 28). 
These included frogs and toads (Fahrig et al. 1995; 
Hels & Buchwald 2001), salamanders (Gibbs & Shriver 
2005), turtles (Steen & Gibbs 2004), birds (Erritzoe et al. 
2003), European hares (Roedenbeck & Voser 2008), 
badgers (Clarke et al. 1998), bobcats and coyotes (Riley 
et al. 2006), Iberian lynx (Ferreras et al. 1992) and 
bighorn sheep (Epps et al. 2005). Roads and traffic can 
also alter population structure by affecting specific 
groups of animals, resulting in populations with 
skewed age or sex ratios (e.g. Aresco 2005; Nafus et al. 
2013). These impacts are of particular concern when 


roads pass through protected areas or ranges of rare 
and threatened species or sever access to important 
breeding areas. 


1.4 The density and configuration of 
road networks are important 
considerations in road planning 


The density and configuration of the road network 
across the landscape are important drivers of the scale 
and intensity of road impacts on wildlife. Road density 
is a measure of the abundance of roads within a region, 
and is measured as the length of road per unit area. 
Thresholds in road density have been identified for pop- 
ulations of a number of species, including gray wolves 
in the Great Lakes region, USA which generally avoided 
landscapes when road density exceeded approximately 
0.6 km per km? (Thiel 1985). The configuration of the 
network describes how roads and other linear infrastruc- 
ture are arranged — such as bundled together or spread 
out across the landscape. Road networks are typically 
(i) rectangular/block/grid patterns that decrease in 
density from urban to rural areas; (ii) radial spokes and 
concentric rings that form around a city or other cen- 
tral feature; or (iii) linear configuration typically fol- 
lowing natural features in the landscape. Road 
configuration has an enormous bearing on the scale of 
road impacts across the landscape, and bundling them 
together and having fewer roads with higher traffic 
volume is almost always preferred to having them 
spread out (Jaeger et al. 2006; Rhodes et al. 2014; 
Chapter 3). 


1.5 The costs to society of wildlife-vehicle 
collisions can be high 


The cost to society of WVC with large animals is high, 
primarily from human injury and loss of life, as well as 
costs associated with damage and repair of vehicles. 
There are approximately two million WVC with large 
mammals in the United States every year, injuring 
29,000 people and killing 200 more (Conover et al. 
1995), and there were an estimated 500,000 WVC 
with ungulates in Europe during 1995 (Groot 
Bruinderink & Hazebroek 1996). The likely rates 
of collisions are undoubtedly much higher because 
(i) collisions resulting in minor or negligible damage 
remain unreported, and (ii) the cause of single-vehicle 
collisions with roadside objects (e.g. trees) that result in 
human death may be due to swerving to avoid 
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collisions with wildlife, which remain unreported. The 
death of wildlife due to WVC will also reduce the size of 
animal populations, which in some regions are an 
important source of food for people or income via tour- 
ism or hunting. Reduced populations of other species 
due to WVC may also impact people if such species are 
important pollinators or perform other critical ecosys- 
tem services (e.g. insectivorous bats and birds that help 
control populations of mosquitoes and other flying 
insect pests). 


1.6 The strategies of avoidance, 
minimisation, mitigation and offsetting 
are increasingly being adopted around 
the world - but it must be recognised 
that some impacts are unavoidable and 
unmitigable 


The impacts of roads and traffic have been recognised 
globally as significant threats to the persistence of spe- 
cies and functioning of healthy ecosystems. The prin- 
ciples of the hierarchy of avoiding, minimising, 
mitigating and offsetting these impacts have also been 
widely adopted and increasingly practised (Chapter 7). 
Many governments and communities around the 
world have accepted the challenge and additional cost 
of building an efficient transportation network that is 
safe for wildlife and people. In some regions, priority 
has shifted to retrofitting the existing network to reduce 
its impacts on biodiversity. The global proliferation of 
numerous professional networks (Chapter 61) and 
non-government organisations with the intent to 
improve best-practice road mitigation and the mem- 
bership that includes planners, designers, regulators, 
ecologists and engineering/construction firms is a tes- 
tament to this. 

However, not all impacts can be fully mitigated, and 
not all mitigation measures are equally effective. For 
example, it is difficult and likely impossible in some 
locations to control the effects of human activities after 
roads are built, such as increased land clearing and 
development, the migration and movement of people, 
and increased hunting or poaching (Chapters 2 and 
51). Similarly, the inclusion of mitigation measures in 
a proposed road project does not automatically mean 
that all effects have been mitigated and the project 
should proceed. For example, the likelihood of crossing 
structures effectively permitting the annual migration 
of hundreds of thousands of mammals in the Serengeti 
is extremely low (Chapter 56). Therefore, it is essential 
to include a ‘no-road’ option when ranking different 


route options during the planning of new roads or 
expansion of existing roads in remote and/or intact 
ecosystems (Selva et al. 2011; Chapter 3). 


1.7 Road ecology is an applied science 
which underpins the quantification and 
mitigation of road impacts 


The accurate quantification and effective mitigation of 
road impacts relies on scientifically rigorous research 
and monitoring (Chapter 10). The first published road 
ecology studies reported rates of WVC, the most visible 
ecological effect of roads and traffic (e.g. Stoner 1925; 
DeVos 1949; Fitch 1949). As road networks expanded 
and traffic volumes increased in the latter half of the 
20th century, research began to focus on quantifying 
and reducing rates of WVC with large herbivores to 
save human lives and reduce societal costs. More 
recently, attention has expanded to include smaller 
species and encompass a range of biological and eco- 
logical parameters such as species distribution, abun- 
dance, reproductive rate, behaviour and dispersal (e.g. 
Legagneux & Ducatez 2013). There have also been 
recent calls to understand effects at larger spatial and 
temporal scales and to focus on populations, commu- 
nities of species and ecosystems (van der Ree et al. 
2011). However, quantifying the full breadth of 
impacts and the effectiveness of mitigation measures 
as well as reporting practical issues associated with 
road planning and management are still scarce 
in research findings (Roedenbeck et al. 2007). 
Consequently, a large proportion of published road 
ecology studies appear to have little influence on road 
planning and design. In moving forward, road agencies 
should recognise and support good-quality research, 
scientists and practitioners should collaborate more 
effectively and researchers should ask applied ques- 
tions that provide relevant information which road 
agencies need (Chapter 10). 


CONCLUSIONS 


The global network of roads, railways, artificial water- 
ways, trails and utility easements is extensive in its 
length and spread. The total number of vehicles in use 
is escalating and already difficult to comprehend, and 
the total distances travelled annually even more so. 
However, these statistics are to be dwarfed over the 
next 20-40 years, even if the predictions in growth of 
road length, number of vehicles and travel distances 
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are only partially met. The impacts of linear infra- 
structure and vehicles on many species and ecosys- 
tems are sufficiently well known to allow the 
development of effective strategies to avoid, minimise, 
mitigate and offset most negative effects. The chal- 
lenge facing society is to identify and retrofit the worst 
parts of the existing network and build and manage a 
network for tomorrow that is as good for biodiversity 
as it is for people. 


FURTHER READING 


Beckman et al. (2010): An edited volume focussing on North 
America that aims to collate and integrate information and 
approaches from various disciplines, as well as a series of 
case studies that demonstrate effective innovations in plan- 
ning and mitigation. 

Benitez-Lopez et al. (2010): A meta-analysis of almost 50 
studies, demonstrating that populations of many species of 
wildlife declined in close proximity to infrastructure, includ- 
ing up to about 1 km for birds and 5 km for mammals. 

Forman et al. (2003): A seminal and comprehensive review 
and introduction to the field of road ecology, encompassing 
ecological concepts, planning, wildlife and vegetation, and 
pollution. 

van der Ree et al. (2011): The introduction to a special issue of 
the open access journal, Ecology and Society, which con- 
tains 17 articles focussed on the ‘Effects of roads and traffic 
on wildlife populations and landscape function’ (http:// 
www.ecologyandsociety.org/issues/view.php/feature/41). 
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Chapter 2 


BAD ROADS, GOOD 
ROADS 


William E Laurance 


Centre for Tropical Environmental and Sustainability Science (TESS), College of Marine 
and Environmental Science, James Cook University, Cairns, Queensland, Australia 


SUMMARY 


Roads greatly influence the footprint of human activity, but they are often constructed with little consideration 

of their environmental impacts, especially in developing nations. Here, differences between environmentally 

‘good’ and ‘bad’ roads are highlighted, and it is argued that a proactive road-zoning system is direly needed at 

international and national scales. Such a zoning system could identify areas where the environmental costs 

of roads are likely to be high and their socioeconomic benefits low, as well as areas where road improvements 

could have modest environmental costs and large societal benefits. 

2.1 Land-use pressures will rise sharply this century and will be strongly influenced by roads. 

2.2 Agricultural yield increases alone will not spare nature — land-use zoning is crucial too. 

2.3 Roads in pristine areas are environmentally dangerous — the first cut is critical. 

2.4 Paved highways have especially large-scale impacts. 

2.5 Roads can be environmentally beneficial in certain contexts. 

2.6 Roads are amenable to policy modification. 

2.7 A recently proposed global road-mapping scheme could serve as a potential model for these efforts. 
This road-planning scheme could be an important tool for prioritising road investments and for under- 

scoring the transformative role of roads in determining environmental change. An overriding priority is to 

proactively zone roads at a range of spatial scales while highlighting their critical role in provoking environ- 

mental change. Keeping roads out of surviving irreplaceable natural areas is among the most tractable and 

cost-effective ways to protect crucial ecosystems and the vital services they provide, whereas roads in the 

right places can facilitate increases in agricultural productivity and efficiency. 
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INTRODUCTION 


Many would be surprised to learn that the Amazon, the 
world’s greatest rainforest, now has over 260,000 km 
of legal and illegal roads (Barber et al. 2014) — enough 
to encircle the Earth more than six times. This is not an 
isolated example. Even in formerly remote corners of 
the world — from the Congo to Borneo and Siberia to 
Namibia — roads and transportation networks are 
expanding apace. 

The global road rush is being driven by escalat- 
ing demands for minerals, fossil fuels, timber and ara- 
ble land, and by the needs of developing nations to 
improve their transportation and energy infrastructures 
(Laurance et al. 2009). Road expansion is favoured by 
many economists and international donors and lenders 
(e.g. Jacoby 2000), who see it as a cost-effective way to 
promote regional integration and spur economic growth. 

Scientists, however, often see roads in a negative 
light because they can open a Pandora’s box of envi- 
ronmental problems. In the Amazon, for instance, new 
roads in forested areas often promote illegal colonisa- 
tion, mining, hunting and land speculation (Laurance 
et al. 2001, 2002; Fearnside & Graça 2006). As a 
result, nearly 95% of the deforestation (Fig. 2.1), fires 
and atmospheric carbon emissions in Amazonia occur 
within 5 km of roads (Barber et al. 2014). In Equatorial 
Africa, road expansion and associated hunting are 
driving major declines of forest elephants (Laurance 
et al. 2006; Blake et al. 2007) and other vulnerable 
wildlife (Fig. 2.2). 
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Here, I argue that roads can either benefit or harm 
nature, depending on their location and design. 
Understanding how roads affect land-use dynamics 
will be vital for balancing future development needs 
and the environment. 


LESSONS 


2.1 Land-use pressures will rise sharply 
this century and will be strongly 
influenced by roads 


The 21st century will witness profound changes in 
land use, many of which are necessary and unavoid- 
able. Meeting the needs of a projected 11 billion peo- 
ple for food, fibre and biofuels will require a major 
increase in the footprint of agriculture. According 
to projections of strong, consistent relationships 
between economic growth and food consumption, 
food production alone will need to increase 100- 
110% by the middle of this century (Tilman et al. 
2011). Based on current trends in farming practices 
this would require about 1 billion ha of additional 
farming and grazing land (Tilman et al. 2011), an 
area larger than Canada. 

The tsunami-like changes in land use this century 
will be strongly influenced by patterns of road develop- 
ment. This follows from massive road building in the 
past; by the year 2000, roads totalled over 28 million 
km in length globally (CIA 2008). Roads are sometimes 


Figure 2.1 Forest clearing along roads in Rondônia, Brazil, 1989. Source: Google Earth (Imagery date 7 August 1989, 


10°02'43.59"S, 63°10'03.82W). 
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Figure 2.2 A rapid proliferation of roads is allowing hunters to penetrate into the heart of the Congo Basin, imperilling 
wildlife such as the forest elephant. Insets: gunshot elephant in Gabon, and smaller logging roads not shown in the larger image. 
Source: Photograph by Ralph Buij. Reproduced with permission of Ralph Buij; Small and large road images by Stephen Blake. 
Reproduced with permission of Stephen Blake and the World Resources Institute. 


built specifically to promote agricultural expansion 
but, often, agriculture follows roads created for other 
purposes, such as mining or logging (Laurance et al. 
2009). This can result in farms and ranches expanding 
into places with marginal soils or climates, or that are 
too far from markets to be cost-effective (Chapter 51; 
Fearnside 1986). 


2.2 Agricultural yield increases alone 
will not spare nature - land-use zoning 
is crucial too 


Given the escalating demands for food and biofuel, 
many environmental scientists and agronomists 
have highlighted a need to improve agriculture — using 
modern crop varieties, fertilisers, pest control and 


improved transportation to raise yields while limiting 
the footprint of agriculture and thereby ‘sparing’ lands 
for nature conservation (Green et al. 2005; Edwards et 
al. 2010; Phalan et al. 2011). Unfortunately, improv- 
ing yields alone is unlikely to conserve nature. If it 
increases farming profitability, yield increases can 
actually do the opposite — encourage conversion of vast 
areas of land for production (Angelsen & Kaimowitz 
2001). This is occurring today with the rapid expan- 
sion of lucrative oil palm plantations across the tropics, 
often at the expense of biodiversity-rich rainforests 
(Koh & Wilcove 2008; Butler & Laurance 2009). 

Increasing agricultural yields will only benefit 
nature if it is coupled with effective land-use planning 
(Balmford et al. 2012). A key element of such planning 
is roads, which profoundly influence the footprint of 
human activities. 


2.3 Roads in pristine areas are 
environmentally dangerous - the 
first cut is critical 


While many factors influence road planning, a few key 
principles can help guide their siting and design. The 
environmentally most dangerous roads are those that 
penetrate into relatively pristine regions, such as a 
large forest tract (Laurance et al. 2001, 2002, 2009; 
Chapter 3). Deforestation is highly contagious spatially, 
such that the probability that a land parcel will be 
cleared rises dramatically if it is adjacent to an area 
that has already been cleared (Boakes et al. 2010). For 
this reason the first cut into a forest is the critical one; 
if it occurs, then other cuts are likely to follow. 


2.4 Paved highways have especially 
large-scale impacts 


Paved highways typically have much larger-scale environ- 
mental impacts than do unpaved roads (Laurance et al. 
2002; Kirby et al. 2006; Barber et al. 2014). In wetter 
environments, paved roads provide year-round access to 
natural resources such as timber, minerals or agricultural 
land, whereas unpaved roads can become seasonally 
impassable (Fig. 51.4). Paved roads are also typically wider 
and have more traffic that is faster-moving than is the case 
for unpaved roads, and thereby are a greater danger and 
movement-barrier to wildlife (Laurance et al. 2009). 

Disentangling the specific contributions of paved and 
unpaved roads to environmental damage is challenging 
because paved roads tend to spawn networks of second- 
ary, unpaved roads (Laurance et al. 2009). Nevertheless, 
paved roads are much stronger predictors of deforestation 
than are unpaved roads, and their effects extend for con- 
siderably larger distances away from roads (Laurance et al. 
2002; Kirby et al. 2006). For instance, the paved Belém- 
Brasilia Highway, completed in the early 1970s, has today 
evolved into a 400-km-wide slash of forest destruction 
and secondary roads across the eastern Brazilian Amazon 
(Laurance et al. 2009). In the wrong place, a paved road 
can provoke an environmental disaster. 


2.5 Roads can be environmentally 
beneficial in certain contexts 


Although many roads promote environmental damage, 
paving and other road improvements can be socially 
and environmentally beneficial in certain contexts. 
In areas well-suited for agricultural development, road 
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improvements can act as ‘magnets’, attracting migrants 
away from vulnerable frontier areas (Andersen et al. 
2002; Weinhold & Reis 2008; Rudel et al. 2009). 
Concentrating people in carefully defined areas is benefi- 
cial because the relationship between deforestation and 
human population density is nonlinear, such that later 
migrants into an area clear much less forest on average 
than do those who arrive initially (Laurance et al. 2002). 
Better transportation infrastructure also increases access 
to markets, cutting waste and improving farmers’ profits. 

As a result, building high-quality roads in places 
where farming is already widespread, where there is little 
intact habitat, and where sizeable gaps between current 
and potential farm yields exist can help increase agricul- 
tural production (Weinhold & Reis 2008). This can 
enhance rural livelihoods and limit the negative environ- 
mental impacts of farming, by raising production effi- 
ciency and helping to keep farming more contained and 
localised. The global road-mapping scheme described in 
Lesson 2.7 and in Laurance et al. (2014) highlights a 
strategy for advancing these aims. 


2.6 Roads are amenable to policy 
modification 


It is notable that roads are much more amenable to 
policy modification than are socially complex problems 
such as human population growth and overconsump- 
tion. Roads can be re-routed, projects cancelled or con- 
struction delayed. Many large road projects are funded 
by taxpayers, investors or international donors that are 
responsive to environmental concerns. If publicly 
named and shamed, corporations that build environ- 
mentally bad roads can lose customers and sharehold- 
ers. For instance, a Malaysian logging corporation, 
Concord Pacific, was publicly vilified for bulldozing a 
180-km-long road into the highlands of Papua New 
Guinea — ostensibly to aid local communities. After the 
company took more than US$60 million in illegal tim- 
ber, it was fined $97 million by the national court of 
Papua New Guinea (Greenpeace 2002). 


2.7 A recently proposed global 
road-mapping scheme could serve as 
a potential model for these efforts 


Given the environmentally transformative roles of 
roads, it has recently been argued that a global zoning 
exercise is needed to identify areas that should ideally 
remain road-free as well as those where transportation 
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Environmental values > 


No data 


Figure 2.3 A global roadmap that attempts to estimate the relative risks and rewards of road building. Green-shaded areas are 
where road building would have high environmental costs, whereas red-shaded areas are where new or improved roads could 
help to promote increased agricultural production. Dark-shaded areas are ‘conflict zones’ where environmental costs and 
potential road-building benefits are both high. Light-shaded areas are lower priorities for environmental values and road 


building. Source: From Laurance et al. (2014). 


improvements are a priority (Laurance & Balmford 
2013; Laurance et al. 2014). This strategy integrated 
spatial data on remaining intact habitats and wilder- 
ness areas, existing transport infrastructure, agricul- 
tural yields and losses, biodiversity indicators, carbon 
storage and other relevant attributes (Fig. 2.3). 

The key goal of this road-zoning effort is to promote 
roads and road improvements in areas that contain 
existing rural development and increase agricultural 
yields while at the same time limiting roads where the 
prospects for environmental damage are great. Some 
examples of the latter include the proposed Serengeti 
Highway that could disrupt one of the world’s great 
remaining wildlife migrations (Chapter 56; Pimm 
2010); Brazil’s Manaus-Porto Velho Highway, which 
when completed will link major population centres to 
the heart of the Amazon (Chapter 51; Fearnside & Graca 
2006); and the proposed Ladia Galaska road network, 
which threatens the largest surviving block of forest in 
northern Sumatra, Indonesia (Gaveau et al. 2009). 

Beyond reducing overall habitat destruction, road zon- 
ing would also focus on safeguarding rare environments 
and areas with many endemic species, such as remain- 
ing intact habitats within biodiversity hotspots (Myers 
et al. 2000). In regions where transportation projects are 
unavoidable but environmental costs are high, alterna- 
tives such as railroads or river transport might be effec- 
tive compromises (Laurance et al. 2009). Such projects 
can move people and products while stopping only at 
specific places, limiting their human footprint. 


CONCLUSIONS 


An overriding priority is to zone roads proactively on 
varying spatial scales while highlighting their critical 
role in provoking environmental change. Keeping 
roads out of surviving irreplaceable natural areas is 
among the most tractable and cost-effective ways to 
protect crucial ecosystems and the vital services they 
provide, whereas roads in the right places can facilitate 
increases in agricultural productivity and efficiency. In 
a world struggling to conserve nature and support 
human well being as land-use pressures intensify, 
managing transportation networks is where the rub- 
ber meets the road. 


FURTHER READING 


Laurance (2009): A hard-hitting essay on the high environ- 
mental costs of many roads. 

Laurance and Balmford (2013): Highlights a global road- 
mapping scheme designed to maximize the social and 
economic benefits of roads while minimizing their environ- 
mental costs. 

Laurance et al. (2009): A balanced overview of the diverse 
impacts of roads on tropical forests and their biodiversity. 
Laurance et al. (2014): Presents a global scheme for prioritis- 
ing road building based on their relative environmental 
costs and their potential societal benefits, particularly for 

promoting increased food production. 
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SUMMARY 


Roadless and low-traffic areas are typically large, natural or semi-natural areas that have no roads or few 
roads with low-traffic volume. They are relatively unaffected by roads and subsequent developments, and 
therefore, represent relatively undisturbed ecosystems, which provide important benefits for biodiversity and 
human societies. Roadless areas are rapidly becoming rare across the globe due to construction of road net- 
works that serve widely expanding human activity. With a few exceptions, roadless and low-traffic areas are 
not considered in national or international legislation; and consequently, they have been widely neglected in 
transport planning. 

3.1 Roadless areas contribute significantly to the preservation of biodiversity and ecosystem services. 
3.2 Planning of new transport routes should identify existing roadless areas and avoid them. 

3.3 Subsequent (‘contagious’) development effects of road construction should be avoided in roadless 
and low-traffic areas. 

3.4 Unnecessary and ecologically damaging roads should be reclaimed to enlarge roadless areas and 
restore landscape-level processes. 

3.5 It is crucial to systematically evaluate the need for and location of proposed roads and implement 
the principle of ‘no net loss’ of unfragmented lands when there is no alternative. 

An important question during planning is whether the proposed road is really needed, and if so, where 
should it be placed. When the dissection of a roadless area is absolutely unavoidable, measures to prevent 
contagious development should be implemented, as well as compensation measures to restore the same 
amount of unfragmented habitat. 
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INTRODUCTION 


With more than 64 million km of roads worldwide (CIA 
2013), road networks play a primary role in shaping 
the environment. Approximately 90% of the world’s 
land surface can be reached within 48 hours of travel 
by road or rail from the nearest city (Williams 2009). 
The ecological effects of roads extend far beyond the 
edge of the road itself; and despite the efforts to minimise 
road impacts in the past decades, a large portion of the 
planet is affected by roads (e.g. about one-fifth of the 
continental United States, Forman 2000). Among 
the numerous impacts of roads, probably the most 
important is what we have termed ‘contagious’ 
development: roads provide access to previously remote 
areas, thus opening them up for more roads and 
developments, and triggering land-use changes, 
resource extraction and human disturbance (Fig. 2.1, 
Chapter 51). In this context, the importance of keeping 
the remaining large unfragmented lands road-free 
becomes an urgent task. 

Roadless and low-traffic areas either have no roads 
or few roads with low-traffic volumes (see Lesson 3.2 
for definitions). They have become a rare element of 
the landscape; only 3% of the conterminous United 
States is more than 5 km away from a road (Riitters & 
Wickham 2003). Consideration of unfragmented 
lands is typically neglected in road planning and biodi- 
versity conservation. The aims of this chapter are to 
highlight the value of roadless and low-traffic areas, 
the need to consider them in sustainable transport 
planning and the importance of road removal to 
restore them. 


LESSONS 


3.1 Roadless areas contribute significantly 
to the preservation of biodiversity and 
ecosystem services 


Lands without roads have not been altered by road 
effects such as traffic, noise pollution or wildlife mor- 
tality due to collision with vehicles. Roadless areas con- 
tain natural and semi-natural habitats with a low level 
of human disturbance, where wide arrays of ecological 
processes are preserved. Habitats that are more intact 
provide greater benefits for biodiversity and human 
societies than degraded habitats (see reviews in 
DellaSala and Strittholt (2003) and Selva et al. (2011)). 

Roadless areas are biodiversity reservoirs. They are 
important for wildlife and have the potential to 


conserve sensitive and endangered species (Loucks 
et al. 2003). They are crucial for species that move 
across large tracts of habitat, such as brown bears, 
wolves or elephants (e.g. Blake et al. 2008). Even large 
unfragmented areas which have been moderately mod- 
ified (e.g. for agriculture) can still provide landscape 
connectivity. Roadless areas are known strongholds for 
salmonids and other fish species (Quigley & Arbelbide 
1997), and a significant refuge for native wildlife and 
plants (Gelbard & Harrison 2003). They also serve as a 
barrier against invasive and exotic species, and diseases 
of wildlife, livestock and humans. For instance, the risk 
of humans contracting Lyme disease is reduced in 
larger patches of unfragmented forest, where the diver- 
sity of vertebrate hosts is higher (Allan et al. 2003). 

Roadless and low-traffic areas perform numerous 
ecosystem services that are vital for humans. These 
include the maintenance of healthy soil, clean air and 
clean and reliable supply of water (DellaSala & 
Strittholt 2003). While some managers suggest that 
roads are needed to manage fire and pests, roadless 
areas are generally characterized by lower fire risk and 
lower frequency of insect outbreaks than roaded areas 
(DellaSala & Frost 2001). The social and economic 
benefits of roadless areas, such as non-motorised out- 
door recreation, education and scientific values, are 
large and well documented (e.g. Loomis & Richardson 
2000). As human population increases, the demand 
for undisturbed land and for wilderness experiences 
will likewise increase. 

Roadless and low-traffic areas are important in 
the context of climate change (Selva et al. 2011). 
Undisturbed and mature ecosystems provide buffering 
capacity, moderate weather extremes (e.g. by retaining 
water) and help to stabilize local climates (e.g. Norris 
et al. 2012), thereby protecting against the impacts of 
storm events, like flooding or landslides. Roadless and 
low-traffic areas of mature forest and peatland are sig- 
nificant in the sequestration of carbon. Roadless areas 
accommodate adaptations and range shift responses by 
plants and animals to climate change by providing 
important landscape connections and moderating the 
rate of change of local environmental conditions. 

With the current rate of road encroachment, bio- 
diversity crisis and global change processes such as 
climate change, roadless and low-traffic areas may 
far exceed roaded areas for their benefits provided to 
human societies (Selva et al. 2011). Therefore, it seems 
sensible that sustainable transport policies retain and 
re-establish unroaded lands in order to conserve bio- 
diversity and maintain the health of ecosystems on 
which we depend (Textbox 3.1). 
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3.2 Planning of new transport routes 
should identify existing roadless areas 
and avoid them 


While roadless and low-traffic areas can be broadly 
defined as natural and semi-natural areas without roads 
or with few roads of low-traffic intensity, respectively, 
there are different legal descriptions and criteria used 
around the globe to identify them. Although road-free 
areas and areas with low road density or low traffic vol- 
umes are not automatically considered in conservation 
and transport planning, there are two basic approaches 
to incorporate roads in spatial planning. The first 
approach identifies road-free areas of a minimum size 
(e.g. Wilderness and Inventoried Roadless Areas in the 
United States) or areas with traffic volume below a speci- 
fied threshold (e.g. Unfragmented Areas by Traffic in 
Germany, see Textbox 3.1), and the second approach 
identifies areas with high conservation status. Under 


this approach (e.g. Last of the Wild global program or 
areas of good conservation status in the Chiquitano dry 
forest, Bolivia), roads and their impacts are combined 
with other indicators, such as human population den- 
sity, deforestation or cattle grazing, in order to prioritize 
areas for biodiversity conservation (Table 3.1). 
Roadlessness typically correlates with relatively good 
conservation status. Therefore, indices that assess the 
environmental impact of roads by identifying roadless 
and low-traffic areas should be applied during spatial 
planning (e.g. SPROADI, Freudenberger et al. 2013). The 
definition of thresholds to identify such areas, such as 
the minimum size of roadless areas or the maximum 
tolerable traffic volume, depends on the landscape con- 
text. For example, the dissection of relatively small 
roadless areas (e.g. Fig. 3.2) is a conservation issue in 
highly populated regions like central Europe, while large 
road-free areas are a priority in relatively pristine and 
unfragmented regions, like the Amazon or Siberia. 


Textbox 3.1 Recognition and protection of roadless and low-traffic areas in the world. 


Wilderness and roadless area protection in the 
United States 


In the United States, many roadless areas were first 
protected when the Wilderness Act (1964) was 
passed. Wilderness was defined as ‘an area where the 
earth and its community of life are untrammeled by 
man, where man himself is a visitor and does not 
remain’. Wilderness areas in the United States do not 
allow permanent improvements or human habitation 
and were originally required to be larger than 2024 ha 
(Table 3.1). The National Wilderness Preservation 
System in the United States has grown to more than 
40 million ha today. In 2001, the US Forest Service 
protected an additional 24 million ha of road-free 
areas larger than 405ha under the ‘Roadless 
Conservation Rule’. These inventoried areas are pro- 
tected from building new roads, although they still 
allow for motorized use, such as all-terrain vehicles, 
helicopter logging and other uses that are prohibited 
in wilderness. Walking trails are common in both 
Wilderness and Inventoried Roadless Areas. 


Low-traffic and unfragmented areas in Europe 


Large roadless areas are rare in Europe, and, instead, 
definitions referring to low-traffic areas have been 
developed. The concept of unfragmented areas by 
traffic (UAT) was developed by the German Federal 


Agency for Nature Conservation as a landscape 
assessment tool (Table 3.1). The UATs are greater than 
10,000 ha and not dissected by roads with more than 
1000 vehicles/day, by railway lines (twin-track and 
single-track electrified lines) or by human settlements, 
airports or channels. The 2008 inventory identified 
about 9 million ha of UATs in Germany, of which a 
quarter are protected under European Directives. The 
eastern part of Germany contains more UATs than 
western Germany (Fig. 3.1), which may be illustrative 
of the different degree of fragmentation between east- 
ern and western Europe. 


Global roadless areas 


A prototype map of roadless areas in the world was 
developed in 2012 by Google Earth, the Society for 
Conservation Biology — Europe Section and Members 
of the European Parliament (http://earthengine. 
google.org/). Here, roadless areas were defined by 
using buffers of different distances (from 1 to 10km) 
from the nearest road (including dirt roads), rail or nav- 
igable waterway (Table 3.1). This map was presented 
in 2012 at the Rio + 20 Conference in Brazil and at the 
eleventh meeting of the Conference of the Parties to 
the Convention on Biological Diversity in India to dem- 
onstrate that roadlessness is the most cost-efficient 
and effective way to protect biodiversity. 
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=== Former border of East and West Germany 
Border of federal states 
WM Roadless and low-traffic areas 


Figure 3.1 Low-traffic areas in Germany (Unfragmented Areas by Traffic, UAT). UATs cover 45% of the new federal states 
(eastern Germany) versus 18% of the old federal states (western Germany). Source: Adapted from Selva et al. (2011). 
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Figure 3.2 The Rospuda valley in northeastern Poland (6.3 km?) is the last pristine percolating fen (or active peatland) of the 
European temperate zone. Its untouched hydrological system guarantees the stability of the ecosystem (no succession) and the 
presence of endangered and relict species. In 2007, a road project dissecting this peatland was stopped due to legal 
infringements of the EU nature directives, after more than 10 years of campaign. The road was finally re-routed through 
agricultural fields, something that could have been done with proper transport planning years before, thus avoiding high social 
conflicts and economic costs. Source: Photograph by Piotr Matczewski. Reproduced with permission of Piotr Malczewski. 


The roads that cause the greatest environmental 
damage are those dissecting pristine and unfragmented 
ecosystems. Even in human-dominated landscapes, 
the construction of new roads may add additional dis- 
turbances to those related to land uses. In this sense, 
an agricultural landscape without roads still might 
provide better habitat quality (e.g. connectivity for 
wildlife) than the same farmland with numerous 
roads, Given the intensification of land-use pressures 
across the globe, influencing the patterns of road 
development to keep roads out of natural areas is the 
most tractable way to conserve nature (Laurance & 
Balmford 2013; Laurance et al. 2014; Chapter 2). 


3.3 Subsequent (‘contagious’) development 
effects of road construction should be 
avoided in roadless and low-traffic areas 


Roads are one of the main drivers of ecosystem change. 
By facilitating access to previously remote areas, new 
roads trigger a cascade of land-use changes and habi- 
tat degradation (Chapter 51). Roads are almost inevita- 
bly followed by urban and agricultural development, 
and they promote mining, hunting, fishing and log- 
ging (Wilkie et al. 2000; Southworth et al. 2011). 


In Central Africa, logging roads, which represent 38% 
of all road length, boost unsustainable hunting and 
the massive loss of wildlife; for example, wildlife densi- 
ties decreased by 25% 3 weeks after logging roads 
were opened in Congo (Laporte et al. 2007; Wilkie 
et al. 2011). The role of roads in deforestation is 
undisputable and the most rapid rate of forest clear- 
ing occurs within 10km of the road, especially if 
paved. As demonstrated in the Amazon, greater 
than 95% of deforestation, fires and atmospheric 
carbon emissions occur within 50km of roads 
(Laurance et al. 2001; Southworth et al. 2011). 
Roads also accelerate human migration to the area 
and subsequent illegal colonization and land specula- 
tion (Chapter 51). Road paving, demand for agriculture 
and cattle ranching areas and ambiguous land tenure 
systems promote new settlements in undisturbed areas 
(Southworth et al. 2011). New roads, as well as road 
improvements in low-traffic areas, have important eco- 
nomic and social impacts, mainly derived from facili- 
tated market access. These collateral or contagious 
development effects of roads are often more destructive 
than the direct impacts of the road itself. Sensible 
transport and land-use planning should carefully reg- 
ulate contagious development and be supported by 
appropriate law enforcement (Textbox 3.2). 
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Textbox 3.2 Roads in developing countries. The case of conservation planning and ‘contagious’ 


development in Bolivia. 


Road development is often used as an indicator of 
socioeconomic development. Roads improve mobility 
of people, but also catalyse the extraction of natural 
resources and subsequent degradation of ecosystems, 
and cause profound changes in local socioeconomic 
systems (Chapter 2). 

Bolivia is a socioeconomically poor and biologi- 
cally rich country that still has a significant portion 
of its territory covered by natural ecosystems; the 
latter partly due to a poorly developed road infra- 
structure (Fig. 3.3, lbisch & Mérida 2004). However, 
as in most developing countries, the pressure on 
ecosystems is increasing rapidly, making the conta- 
gious development effect of roads particularly troubling. 
Whenever new roads provide access to formerly remote 
areas, people will migrate from other parts of the 
country and establish (often illegally) new settlements 
(Chapter 2). 

Recent landscape-scale planning in Bolivia used 
roads as indicators of biodiversity degradation (e.g. 
Araujo et al. 2010). Roadlessness was taken as a 


proxy for functional and intact ecosystems and used 
as a criterion for identifying important areas for 
conservation. However, the implementation of conser- 
vation measures (e.g. land-use planning, including the 
creation of protected areas) has not been enough to 
safeguard the high-priority regions. In 2002, an inter- 
nationally financed road was constructed through the 
Chiquitano dry forest ecoregion in southeastern 
Bolivia. A decade later, the indirect impacts of the road 
(namely forest clearing and expansion of agriculture) 
have exceeded those outlined in even the most pes- 
simistic environmental impact assessment (S. Reichle, 
personal communication). The fear that the impacts of 
new roads cannot be effectively mitigated by accom- 
panying conservation measures has been confirmed. 
The development and improvement of the road network 
across Bolivia has continuously accelerated deforesta- 
tion and other forms of biodiversity degradation. This 
highlights the importance of keeping unfragmented and 
natural habitats free of roads as the most effective way 
to conserve them. 


Figure 3.3 Especially in forests, even small and unpaved roads give access for land use such as agriculture or 
settlement, which may ultimately replace the original ecosystem. Porongo, Santa Cruz, Bolivia. Source: Photograph 


by Pierre L. Ibisch. 
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3.4 Unnecessary and ecologically 
damaging roads should be reclaimed 
to enlarge roadless areas and restore 
landscape-level processes 


Land managers are restoring roaded areas by closing 
and reclaiming unneeded or ecologically damaging 
roads (Fig. 3.4). Many of these roads are historical 
legacies, but new roads built to support resource 
extraction should be restored once the activity ceases. 
There are various treatments possible, ranging from 
simply blocking the road entrance to full removal and 
recontouring of the roadbed which allows hydrological 
and ecological processes and properties to return 
(Switalski et al. 2004). Increased infiltration and 
revegetation reduces fine sediment erosion from roads 
into streams, improving habitat quality for fish and 
other aquatic species (McCaffery et al. 2007). 
Reclaimed roads improve wildlife habitat quality pri- 
marily through limitation of motorised access and the 
restoration of vegetation providing food and shelter for 
wildlife. Black bears were found to use recontoured 
roads at much higher rates than roads open to traffic, 
but also at greater rates than roads closed to traffic 
with a gate or other barrier (Switalski & Nelson 2011). 
Similarly, grizzly bears expanded their distribution in 


Montana, USA, following extensive road reclamation 
(Summerfield et al. 2004), and moose populations 
increased following road removal in Nova Scotia, 
Canada (Crichton et al. 2004). Removing roads at a 
large scale such as is occurring in the United States has 
increased the size of core wildlife habitat and has the 
potential to restore landscape-level connectivity. 

Road reclamation efforts and the expansion of road- 
less areas increase the resilience of ecosystems and 
help mitigate climate change. For example, as larger 
storms become more common in the face of climate 
change, more culverts catastrophically fail during high 
flows, releasing large amounts of sediment into 
streams. Removing culverts and restoring stream 
crossings eliminates this risk and associated negative 
impacts on aquatic habitats (Chapters 44 and 45). 
Additionally, when roads are decompacted during 
reclamation, vegetation and soils can develop more 
rapidly and sequester large amounts of carbon. Total 
soil carbon storage increased 6-fold to 65 metric tons 
C/km (to 25cm depth) in the northwestern United 
States compared with untreated abandoned roads 
(Lloyd et al. 2013). With more than 100,000km of 
roads slated for reclamation in the United States alone 
in the coming decades, road reclamation has the 
potential to sequester large amounts of carbon. 


Figure 3.4 After treatment, vegetation recolonises reclaimed roads reducing erosion and providing food and cover for animals. 
This photo was taken 10 years after road reclamation on the Clearwater National Forest in the northwestern USA. Source: 


Photograph by Adam Switalski. 
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3.5 It is crucial to systematically evaluate 
the need for and location of proposed roads 
and implement the principle of ‘no-net-loss’ 
of unfragmented lands when there is no 
alternative 


It is important to systematically evaluate whether a 
road is really needed; and if so, explore alternative 
route options before dissecting and eliminating road- 
less areas or increasing traffic volumes in low-traffic 
areas (Fig. 3.5). Infrastructure development and, par- 
ticularly, road construction should avoid dissecting 
roadless areas. Road-free areas of natural and semi- 
natural habitats should be maintained by concentrat- 
ing traffic on existing highly travelled roads and 
bundling infrastructure close together (Chapter 5). 
When this is not possible, it is crucial to protect the 
remaining area by avoiding contagious development 
and to apply compensation policies of no net loss to 
unfragmented lands (Chapter 7). Measures such as 
road reclamation, promotion of railroads or speed and 
traffic limitation should also be considered. The imple- 
mentation of sustainable development schemes at 
large spatial scales should help prevent the degrada- 
tion of roadless and low-traffic areas (Fig. 3.5) 


CONCLUSIONS 


Roadless and low-traffic areas have become scarce, 
indicating a reduction in well-preserved and functioning 
ecosystems worldwide. The maintenance of roadless 
areas is more cost-effective than measures to mitigate or 
minimise road impacts, or even road reclamation. In this 
context, a vital task is to identify, map and describe the 
remaining roadless and low-traffic areas, and to promote 
their maintenance and protection. Developed countries 
are removing unnecessary roads and restoring landscape 
processes to enlarge roadless areas. This exemplifies the 
need for rewilding in a human-dominated planet. 
Roadless and low-traffic areas are a timely tool to preserve 
intact functioning ecosystems at local and global scales in 
the face of climate change. Their rarity and the services 
they provide to society call for systematically considering 
them in modern land-use and road planning. 
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Figure 3.5 Four main questions to ask when planning a road project in roadless or low-traffic areas. 


Why keep areas road-free? The importance of roadless areas 25 


supported by the Institute of Nature Conservation. 
PLI acknowledges the awarding of the research profes- 
sorship ‘Biodiversity and natural resource management 
under global change’ by Eberswalde University for 
Sustainable Development. Research by SK was partially 
funded by the Federal Ministry for Education and 
Research (INKA BB project). 


FURTHER READING 


DellaSala and Strittholt (2003): Review of the ecological, 
social and economic benefits of roadless areas conservation 
in the USA, with special focus on the conservation assess- 
ments of two case studies of roadless areas. 

Selva et al. (2011): Identifies the importance of roadless and 
low-traffic areas for biodiversity conservation and ecosys- 
tem services to society, and urges for their inventory and 
inclusion in urban and transport planning. It includes a 
legal analysis of roadless areas in Europe and their overlap 
with the Natura 2000 network, using Germany as a case 
study. 

Switalski et al. (2004): Summary of the current understand- 
ing in the science and practice of road reclamation. Taking 
a multi-disciplinary approach, the article reviews how road 
reclamation benefits and impacts different natural 
resources and identifies knowledge gaps. 

http://earthengine.google.org/: This is the Google platform for 
environmental data at a planet scale. It includes a prototype 
map of global roadless areas. 

http://roadlessland.org/: This is an interactive website that 
shows the inventoried roadless areas in the US and has a 
number of maps and scientific resources for roadless areas. 
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INCORPORATING 
BIODIVERSITY ISSUES 
INTO ROAD DESIGN: 
THE ROAD AGENCY 
PERSPECTIVE 
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SUMMARY 


Road agencies have a responsibility to design, build and operate roads in an environmentally sensitive 
manner, which includes addressing ecological issues. Agencies that manage other linear infrastructure, 
such as railways and utility easements, have similar responsibilities. All major infrastructure projects follow 
similar stages and processes from inception through planning, design, construction, operation and mainte- 
nance. Within this process, there are limited and specific opportunities to most effectively implement ecolog- 
ically sensitive planning and design. 

4.1 Road planning, design, construction and operation are complex challenges that attempt to balance 


environmental, economic and social demands. 

4.2 Road projects have a typical series of stages that begins with strategic planning and ends with operation. 
4.3 Appropriate ecological input into a road project should occur in every stage. 

4.4 Standards and guidelines are critical to ensure a consistent and high-quality approach to roads and 
road mitigation. 

Road agencies around the world are responding to the changes that society is demanding by including 
greater consideration of ecological issues when planning, building and managing the road network. This is 
an important challenge for road agencies because their traditional role as managers of the transportation 
network is expanding and becoming more complicated. It is imperative that road agencies successfully adapt 
to these changes to ensure the future road network is as environmentally friendly as possible. 
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© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
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INTRODUCTION 


Most countries have government agencies that are 
responsible for the planning, construction and main- 
tenance of road networks. Roads are important driv- 
ers of economic and social development (Chapter 2), 
and road agencies are focussed on building bigger, 
better, safer and more efficient roads to cater for 
growing demand for vehicle movement (Chapter 1). 
Increasingly, road agencies are being challenged to 
respond to community and government expecta- 
tions to protect and preserve the environment, often 
through the requirements of environmental legisla- 
tion. Most governments also have agencies for other 
linear infrastructure, such as railways and utility 
easements; and whilst this chapter (and book) focuses 
on roads and traffic, these other agencies face similar 
expectations and processes to balance competing 
demands. 

Planning and managing the road network is a com- 
plex interaction among various levels of government, 
private infrastructure companies and the community, 
each with different responsibilities and expectations. 
The policy and legislation of planning and regula- 
tory agencies, funding arrangements, government 
and political priorities, historical legacies, economic 
circumstances, changing technology, road safety 
expectations and competing transport priorities all 
influence how roads are developed, built and man- 
aged (Chapter 8). All road projects require a broad 
coalition of public and government support, which 
usually entails properly considering and adequately 
addressing the impacts of the project on communities 
and the environment. Above all, the project needs to 
deliver value to the community. 

The reasons to initiate road projects are mostly 
political, strongly supported by prevailing economic 
models, and cost-benefit analysis which are often 
influenced by community demands. These models 
and demands rarely consider environmental costs 
or benefits, especially ecological ones. However, the 
best outcome for the environment typically occurs 
when ecological thinking influences road planning 
early in the project development cycle. The aims of 
this chapter are to illustrate the processes that road 
agencies typically follow when designing, building 
and managing the road network, and highlight 
some of the key challenges facing road agencies and 
the scientific community when incorporating eco- 
logical and environmental safeguards into road 
development. 


LESSONS 


4.1 Road planning, design, construction 
and operation are complex challenges that 
attempt to balance environmental, economic 
and social demands 


Road agencies must trade off a range of competing 
demands when planning and designing new roads 
and/or upgrading existing roads. Using information 
from a diverse range of specialists, road planners 
must consider matters such as safe and sustainable 
road design, reducing the impact on property and 
business, constructability, construction techniques 
and materials, traffic management as well as the envi- 
ronment. Planners and designers also receive input 
from the community at several stages in the process. 
This public response may focus the planner/designer 
on resolving localised (but very real) impacts on a 
community rather than the broader and more tech- 
nical environmental issues. When considering envi- 
ronmental impacts, the planning and design team 
address a range of issues, including impacts of noise 
on neighbours during construction and operation; 
impacts on cultural heritage; air quality and green- 
house gas emissions; flooding and impacts on water 
quality and aquatic and groundwater-dependent 
ecosystems; and minimising direct and indirect 
impacts on habitat and species. There is rarely one 
ideal solution and trade-offs among environmental 
impacts are usually required because the ecological 
relationships within an ecosystem are diverse and 
complex. For example, the construction of a wildlife 
overpass may require greater clearing of habitat dur- 
ing construction than a modified culvert (Chapter 21), 
but in the long-run will provide connectivity for a 
wider array of species. Similarly, a road on a viaduct 
will have lower barrier effects, but it may have greater 
noise pollution issues than a road at ground level. 
Development of the road is an iterative process 
between designers, engineers, planners, regulators, 
scientists and the community. As the environmental 
assessment proceeds, new impacts are examined and 
mitigation or design measures proposed. The final 
design reflects this decision-making process. 

Road agencies will apply a ‘value’ test to a road pro- 
posal. This can be formally applied or, in many cases, is 
a concept that underpins how decision-making on 
road development occurs. The question still remains, 
‘Is it feasible or reasonable to provide a mitigation 
measure for a particular species or ecological value?’ 
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The feasibility of a design or mitigation measure is 
whether it can be constructed or installed. Can it be 
constructed without compromising the objectives of 
the road or creating other unacceptable impacts? The 
reasonableness of a proposed design or mitigation 
measure is difficult to define, but assesses if the cost of 
the measure is acceptable compared to the nature and 
extent of the mitigation benefit. Put simply, is the 
measure of good value? For example, it is technically 
feasible to construct roads as viaducts or tunnels, but 
the construction and operational challenges will sub- 
stantially increase the cost, potentially to the point 
where it is no longer viable and thus unreasonable. But 
the same mitigation may be reasonable on another 
project or at another time. 

Whilst the road planning and design team make 
every effort to address impacts, many projects will have 


impacts that cannot be avoided, minimised or mitigated 
(Lesson 1.6, Chapter 7). 


4.2 Road projects have a typical series 
of stages that begins with strategic 
planning and ends with operation 


Imagine that you have been given the task by govern- 
ment to improve the capacity and safety of a highway 
connecting two towns. The government has promised 
to open the improved road by a set date, and funding 
has been allocated for planning and design with a 
forward commitment for construction. As with all road 
projects, you would develop and implement the project 
in a series of stages, each with different issues to 
address (Fig. 4.1). 


Influence 


Stages/key players the result 


Knowledge 
of impacts 


Actions Outputs 


Construction 


Road agencies, contractors 
Construction managers 


Operation 


' Road agencies, contractors 
Maintenance managers 


i 

i 

vy Ensure design Roads and i 
intentions are mitigation } 
realised in measures q 
construction , 

v Ensure maintenance Roads and ! 
enhances intended mitigation } 
ecological functions measures ' 


Figure 4.1 The typical stages, key players, actions and outputs of most road projects. Note that not all projects or jurisdictions 
follow all stages or utilize techniques such as SEA. The width of the two triangles represents the extent to which the final result 
can be modified or the amount of knowledge of potential impacts at each stage. EIA, environmental impact assessment; 


SEA, strategic environmental assessment. 
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Most projects start with a strategic planning stage 
(Fig. 4.1), where route options are developed and key 
project goals established. Politicians and senior bureau- 
crats are often influential at this stage, and planning is 
typically based on economic models and calculations. 
There may be one logical route option or many, each 
with different negative and positive impacts. The road 
may need to be designed for large trucks, high speeds, or 
high traffic volumes. The project may be a new road, 
a widening of an existing road, a series of general 
improvements or targeted works at safety hot spots. 
The strategic planning stage usually concludes with the 
preparation of an investment plan for government 
treasuries over a 3-, 5- or 10-year time period. Investment 
plans usually identify targets for cost, traffic access, 
safety and design, but rarely provide targets for environ- 
mental or ecological issues. This is a significant handi- 
cap for ecological matters through the remainder of 
the planning process. At best, environmental issues are 
sometimes considered potential constraints or risks. A 
strategic environmental assessment (SEA) conducted 
during the strategic planning stage has the potential to 
improve decision-making by taking a broader perspec- 
tive and increasing transparency, although they are not 
yet routinely undertaken (Chapter 5). 

The second stage is the physical planning of the 
road project, where the location is decided, the con- 
cept design developed and the environmental impact 
assessment (EIA) performed. This stage concludes 
when some form of project or planning approval is 
given to the project. Whilst every jurisdiction has its 
own form of EIA and approval processes, which also 
varies with project size and likely impact (Chapter 6), 
there are some common elements. By the time a pro- 
ject reaches this stage, there are often only very limited 
opportunities to avoid environmental impact, partially 
because EIAs rarely account for all potential impacts 
(Chapter 5). Consideration therefore is on avoiding the 
environmental impact of the road by minor altera- 
tions to the location of the road, minimising through 
design and mitigation and in some jurisdictions, provi- 
sion of compensatory (or offset) measures (Chapter 7). 
The regulatory authority may also impose conditions 
on the road agency to improve ecological outcomes for 
the project, such as to provide a certain level of wildlife 
connectivity or to monitor impact or effectiveness of 
mitigation on a target species. 

The third stage is the construction of the road pro- 
ject. At this point, there is considerable risk that the 
good intentions of the detailed planning can be lost 
through misinterpretation or re-interpretation by con- 
struction personnel (Chapter 9). It is also the stage 


where the engineers and ecologists involved in planning 
and design have usually moved to new projects, poten- 
tially leaving a vacuum of knowledge and under- 
standing. Changes are often made during construction 
to simplify the process or reduce costs, and these may 
undermine the ecological values of the project. Typical 
examples include the use of areas set aside as ecologi- 
cal buffers as temporary roads or soil storage areas, or 
design changes to crossing structures that reduce 
their effectiveness. These mistakes or design changes 
are more likely to occur if the ecological measures are 
unclear in the project designs, drawings or specifica- 
tions (Chapter 8). The key to avoiding such mistakes is 
to provide clear information and control processes, such 
as project briefings and requirements for ecological 
approval for activities to commence. 

The final stage of a project is operation and mainte- 
nance, which continues indefinitely. This is a critical 
stage affecting the success of mitigation because inap- 
propriate inspection or maintenance regimes may ren- 
der it unsuitable or ineffective (Chapter 17). Wildlife 
fencing, crossing structures, revegetation works and 
other mitigation measures require maintenance to 
remain effective, and they should be designed to facili- 
tate maintenance (Chapters 17, 20 and 21). This is 
particularly important where the measure (such as 
planting a wildlife corridor) is designed to develop or 
evolve and deliver its maximum ecological outcome 
many years into the future. 


4.3 Appropriate ecological input into a road 
project should occur in every stage 


Ecological advice should be sought and considered at 
all stages of the project to ensure that key ecological 
issues are identified as early as possible and to allow 
maximum opportunity for cost-effective solutions. 
The nature and extent of the ecological information 
required at each stage of a project will vary — the point 
is that it is required at every stage (Table 4.1). At pre- 
sent, ecologists are primarily engaged as consultants 
to provide specific advice for the EIA in the physical 
planning and design stage, and they occasionally par- 
ticipate in the strategic planning, despite the impor- 
tance of such input during this stage. The EIA process 
is often running parallel with the physical planning in 
order to expedite the process, with variable levels of 
integration between the two. This means that trade- 
offs that must be made during both planning stages 
may be based on incomplete knowledge. The ability to 
incorporate new information and modify the design 
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Table 4.1 Type and detail of ecological input required in each stage of a road project. Project stages are explained further in 


Figure 4.1. 


Stage in road project 


Strategic planning 


Type and detail of ecological input required 


Focus on options that avoid or improve ecological outcomes based on strategic 


environmental assessment. Examples of key questions include: Can the impact on 
important wildlife migration routes be avoided? Can the project enhance wildlife 
connectivity by restoring connections? Can areas without roads be avoided? 


Physical planning 


Focus on road designs that minimise, mitigate or offset impacts based on detailed 


ecological analysis. Examples of key questions include: Where should fauna crossings 
be located? Can the road design be modified to minimise impact on important 


habitat? 
Construction 


Ensure that ecologically sensitive designs are easily translated to construction. Examples 


of key questions include: Has the design of wildlife crossing structures met the 
required standards for the target species? Has the detailed drainage design 
considered the impact on adjacent important habitat? 


Operation 


Ongoing ecological management, maintenance of mitigation measures, review and 


adaptive management. Examples of key questions include: Is there a plan for monitoring 
and maintenance in place to ensure crossing structures remain effective over time? Are 
areas of important habitat adjacent to the road project being managed to ensure that 
they are not degraded by indirect impacts of the operation of the road? 


will depend on the feasibility and reasonableness of 
the proposed measures. 

The greatest opportunity to influence the location of 
aroad is during the strategic planning stage. Therefore, 
information provided during this stage (possibly from a 
formal SEA process, such as the identification of eco- 
logical corridors or populations of endangered species) 
can be influential in reducing the ecological impacts of 
the project. In reality, however, knowledge about eco- 
logical impacts is often low during strategic planning 
and may be limited to protected areas or location of 
some species. 

The best outcomes for a project can be achieved if 
(i) accurate ecological knowledge is available early; 
(ii) ecological requirements are stated so as to fit the 
actual planning or design questions considered during 
the planning process; (iii) maintenance requirements 
of mitigation measures are considered in the design; 
and (iv) the accepted starting position in the road plan- 
ning process is to try to improve ecological functions. 


4.4 Standards and guidelines are critical to 
ensure a consistent and high-quality 
approach to roads and road mitigation 


Standards and guidelines provide specifications on a 
range of road designs and measures to ensure agreed 
practices are being uniformly adopted across a 
region (Chapter 59). Planners and engineers require 


standards and guidelines for all aspects of roads, 
including mitigation measures for wildlife. Importantly, 
these standards and guidelines should not stifle inno- 
vation or experimentation, because there is still 
much uncertainty about the design of many features 
for some species, habitats and landscapes. Standard 
designs for mitigation measures should provide clear 
guidance on what is known to work, what may not or 
does not work and where further innovation or experi- 
mentation is required. Chapter 59 provides examples 
of standards and best practice guidelines that help 
provide clear direction for improved design outcomes, 
as well as key issues that need to be considered when 
developing such manuals. 


CONCLUSION 


Road agencies, in partnership with planning and envi- 
ronmental agencies and road ecology experts have 
made substantial progress over the past 20-30 years 
in developing a base of knowledge and applying tech- 
niques to minimise impacts of roads on wildlife. Key 
challenges for the future are the building of effective 
partnerships among road planners, designers, engi- 
neers, managers and ecological experts to establish 
and standardise effective approaches and designs, and 
to provide a framework for ongoing innovation and 
improvement through testing and monitoring of exist- 
ing and new approaches. 
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SUMMARY 


There is increasing concern about insufficient consideration of potential ecological effects of roads in project- 
specific environmental impact assessment (EIA) and other, more advanced types of EIA that exist in various 
countries. Local impacts are often treated superficially, and landscape-scale effects are usually neglected. 
5.1 EIAs of road projects are generally poor. 

5.2 Landscape-scale effects of road networks are neglected in EIAs. 

5.3 There is a lack of knowledge of thresholds in the cumulative effects of landscape fragmentation and 
habitat loss on the viability of wildlife populations. 

5.4 Wildlife populations may have long response times to increases in landscape fragmentation 
(‘extinction debt’). 

5.5 There are large uncertainties about many potential ecological effects of roads; they need explicit 
consideration in EIA, and decision-makers should more rigorously apply the precautionary principle. 
5.6 Landscape fragmentation should be monitored because it is a threat to biodiversity and a relevant 
pressure indicator. 

5.7 Maintaining ecological corridor networks is less costly than paying for their restoration at a later 
date. 

5.8 Limits to control landscape fragmentation are needed. 

5.9 Caring about the quality of the entire landscape is essential, not just protected areas and wildlife 
corridors. 
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Major efforts are necessary to improve the quality of project-specific EIAs, landscape-scale cumulative 
effect assessment (CEA), strategic environmental assessment (SEA), road planning, and land-use planning. 
Given that road networks subdivide wildlife populations into a patchwork of sub-populations, future studies 
should directly address ecological effects at the landscape scale. 


INTRODUCTION 


Most wildlife populations are at higher risk of decline 
and extinction when their habitats are fragmented by 
roads. So how are such threats from road construc- 
tion considered in environmental impact assessment 
(EIA) and road planning? The purpose of EIA is to sys- 
tematically identify and evaluate the potential 
impacts of proposed projects to ensure environmental 
protection and sustainable development. Proponents 
are required to describe and assess all potential direct 
and indirect effects of their projects on living organ- 
isms, soil, water, air, climate and the landscape, the 
interaction between these factors, material assets and 
the cultural heritage. In Europe, for example, the 
assessment needs to include ‘direct effects and any 
indirect, secondary, cumulative, short, medium and 
long term, permanent and temporary, positive and 
negative effects’ (CEC 1997, p. 15). The Canadian 
Environmental Assessment Act (1995, section 16(1)) 
explicitly requires a cumulative effects assessment 
(CEA) that considers ‘any cumulative effects that are 
likely to result from the project in combination with 
other projects or activities that have been or will be 
carried out’. However, it has long been recognised 
that the focus of EIA on individual projects makes 
CEA difficult. This is problematic because many 
effects of roads occur at landscape scales (as discussed 
throughout this chapter and book) and are seldom 
sufficiently covered in project-specific EIAs (Duinker 
& Greig 2006). In addition, the planning of road net- 
works is not covered by the project-level EIAs; and 
therefore, an assessment of the environmental effects 
of network plans is also needed. This is the subject of 
strategic environmental assessment (SEA): to assess 
the environmental effects of a proposed plan, policy 
or program. CEA and SEA are of particular interest 
for landscape-scale effects of roads and road net- 
works. However in many countries, CEA and SEA are 
not (or not yet) a requirement. 

The aims of this chapter are to identify the typical 
deficiencies of EIAs for road projects, discuss the 
implications of these inadequacies and suggest 
solutions. 


LESSONS 
5.1 EIAs of road projects are generally poor 


Recent reviews of EIAs from Europe, the United 
Kingdom and the United States (e.g. Atkinson et al. 
2000; Byron et al. 2000; Söderman 2005; Gontier 
et al. 2006; Tennoy et al. 2006; Karlson et al. 2014) 
have concluded that many were deficient in the 
following areas: 

e The degree to which designated sites would be 
affected could rarely be ascertained. 

* It was generally unclear whether reasonable searches 
had been carried out to detect rare or protected 
species. 

* To address biodiversity issues, there was a significant 
gap between current EIA practice and the state of the 
art in GIS-based modelling. 

e Fragmentation and barrier effects were seldom 
considered. 

* The impact assessments were often just descriptive 
rather than analytical and predictive. 

* Indirect impacts were rarely considered. 

* The focus on the local scale did not allow prediction 
and assessment of ecological effects of habitat 
fragmentation, nor the consideration of scales of eco- 
logical processes. 

e Information on biodiversity was often absent from 
the landscape sections. 

Thus, the assessment of biodiversity-related 
impacts is still far from meeting its goals (see 
Textbox 5.1), and the development and implementa- 
tion of new methods appear necessary to meet 
regulations and recommendations on the considera- 
tion of biodiversity in EIA and SEA (Gontier et al. 
2006; Karlson et al. 2014). For example, the width 
of corridors investigated in EIAs is often only a few 
hundred meters. Thus, they will inevitably miss the 
wider-ranging effects of roads, since it is known that 
declines in species abundances range between 40 
and 2800m from the road for birds, between 250 
and 1000m (and possibly more) for amphibians, 
and up to 17km for mammals (Benitez-Lopez et al. 
2010). 


34 Handbook of road ecology 


Textbox 5.1 Example of the neglect of biodiversity issues in a current EIA of a road project. 


The Transportation Ministry of Quebec recently pro- 
posed to widen a 6.5km section of Highway 5 
(Transport Canada et al. 2010). The EIA report was 
strongly criticized for its numerous deficiencies 
(Findlay et al. 2011), including the following: 

e “There is no mention in the report of wildlife mortality 
or road kill, even though there is accumulating evi- 
dence that traffic mortality negatively affects popula- 
tion viability.” (p. 9) 

e “The report states that ‘The portion of the trail to be 
preserved under the highway along La Péche River will 
facilitate wildlife movement from one side of the high- 
way to the other in this area’ (p. 41). No evidence is 
adduced to support this prediction. The effectiveness 
of crossing structures depends on a number of factors, 
including habitat/landscape context, the particular 
wildlife species in question, use by humans and a num- 
ber of specific design/construction attributes. None of 
these factors are considered in the report. Hence the 
conclusion is completely unsubstantiated.” (p. 9) 

e “The report goes on to conclude that wildlife are 
‘not interested’ in crossing in this area. ‘Considering 
the low interest among wildlife species to cross from 
one side of the right-of-way to the other and their 
abundance on its western side, the environmental 
effect is currently considered to be of low intensity. 
Its duration will be permanent and its scope, local. 
Therefore, the residual environmental effect is 


Cumulative effects, that is potential effects result- 
ing from the combination of several projects or activi- 
ties together, including earlier and likely future 
projects, deserve particular attention because they 
constitute the most relevant effects worth assessing in 
most EIAs (Duinker & Greig 2006). They would require 
that the total effects of all human stresses on valued 
ecosystem components be kept within tolerable and 
acceptable levels. However, cumulative effects are 
rarely assessed properly: ‘The promise and the practice 
of CEA are so far apart that continuing the kinds and 
qualities of CEA currently undertaken in Canada is 
doing more damage than good’ (Duinker & Greig 
2006, p. 153). Guidance available in the EIA literature 
has been largely ignored in the domain of actual EIA 
practice, and CEA in particular has largely failed to 
deliver on its promises. Six serious problems in CEA are: 
(i) major difficulties in applying CEA in project-level 
EIAs; (ii) a focus of EIA on project approval instead 
of environmental sustainability; (iii) a general lack 
of understanding of ecologic impact thresholds; 


considered not significant’ (p. 42). As no data were 
collected that can inform patterns of wildlife move- 
ment through or adjacent to the A5 right-of-way, 
inferences about wildlife’s motivation to do so — or 
not — are complete speculation. The conclusion that 
these effects will be insignificant is therefore com- 
pletely unsubstantiated.” (p. 9) 
e “Summary and conclusions: The final report is seri- 
ously deficient in at least four important respects: 

i. It fails to consider a wide range of potential envi- 

ronmental impacts of highways. 

ii. It has failed to incorporate obvious sources of 
existing data. 

iii. Most of the conclusions are based on little or 
no evidence, are completely unsubstantiated, or 
conflict directly with the current state of scientific 
knowledge. 

iv. A cumulative effect assessment is completely 
lacking. There is, therefore, no evidence to 
support the report’s conclusions that the 
cumulative effects will not be significant. 

We conclude the proponents have not adequately dis- 
charged their responsibilities under the Canadian 
Environmental Assessment Act. The next phase of the 
project ought not to proceed until these responsibili- 
ties have been adequately discharged.” (p. 14). 

There was no response to the submission of the 

criticism. 


(iv) inappropriate separation of cumulative effects 
from project-specific impacts; (v) weak interpretations 
of cumulative effects by practitioners and analysts; 
and (vi) inappropriate handling of potential future 
developments, for example due to narrowly focused 
scenarios (Duinker & Greig 2006). Fundamental 
improvements are required, for example through 
regional environmental assessments in combination 
with regional land-use planning, in addition to more 
rigorous CEA analysis in project EIAs. Such improve- 
ments are necessary since all effects are cumulative, 
and thus the aggregate stresses acting on valued 
ecosystem components need to be assessed (Duinker & 
Greig 2006). 

All these findings demonstrate that (i) most EIAs 
are too vague or make unsubstantiated predictions; 
(ii) most EIAs do not consider the landscape scale; and 
(iii) almost none use state-of-the art modelling methods 
to predict likely effects. As a consequence, we almost 
never see an EIA that concludes that the road should 
not be built. This is usually not because the mitigation 
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measures were likely to be so successful that the road 
will have no significant negative impact, but because 
many effects were not sufficiently covered in the EIA, in 
particular landscape-scale and cumulative effects. The 
poor quality of EIAs poses a significant concern consid- 
ering that various specific guidelines on biodiversity/ 
ecological assessment issues have been available for 
two decades in the United States, Canada, and parts of 
Europe (e.g. CEQ 1993; DoT 1993; CEAA 1996; DIREN 
2002), and more recently in Asia (Chapter 53). These 
guidelines are not effectively applied, probably because 
many EIAs are prepared by consultants who depend on 
continued support from their clients. Concluding that 
there are significant environmental effects might result 
in being cut off from the preparation of EIAs in the 
future, which is not in their interest. This is a structural 
flaw of the current EIA system that needs to be fixed, 
for example through independent peer review and 
through the publication of good textbooks providing 
detailed instructions. 


5.2 Landscape-scale effects of road 
networks are neglected in ElAs 


Even though landscape-scale effects are known to be 
highly important for wildlife populations, they have 
not yet been studied very well in road ecology (van der 
Ree et al. 2011), and accordingly, they are poorly cov- 
ered in EIAs. Since the design of conclusive landscape- 
scale studies is more difficult than small-scale studies, 
their results will inevitably also be less certain: 


For research questions concerned with 
landscape-scale ecological effects and 
long-term consequences, the inferential 
strength of any feasible study will always 
be comparatively low. Consequently, it is 
inevitable that the uncertainty associ- 
ated with any conclusion will necessar- 
ily be high. It is a cruel irony in road 
ecology that, the more important the 
question, the more uncertainty is associ- 
ated with the answers. (Roedenbeck 
et al. 2007, p. 17) 


For example, long-distance dispersal of animals is rare 
but is ecologically important for re-colonizing empty 
habitats (e.g. in meta-population dynamics), allowing 
range shifts of populations in response to climate 
change, and gene flow. However, data on long-distance 
movements are difficult to collect, and studying 


populations across multiple sites requires longer time 
scales and greater investments than studies at individ- 
ual sites. Landscape-scale effects may not be detectable 
at the local scale, but landscape effects are real and can 
have a large impact on the success of mitigation. In 
addition, various cumulative effects and consequences 
on ecological communities, such as predator-prey 
dynamics, changes in the food chain, source-sink 
dynamics, and cascading effects are still unknown. 


5.3 There is a lack of knowledge of 
thresholds in the cumulative effects of 
landscape fragmentation and habitat loss on 
the viability of wildlife populations 


There are thresholds in the effects of increasing road 
density and habitat loss on the viability of wildlife pop- 
ulations (Fig. 5.1). When roads are added to a land- 
scape, population viability does not decrease linearly, 
but usually exhibits a threshold after which there is a 
dramatic decline. For example, road density was nega- 
tively related to the species richness of amphibians and 
reptiles at ponds in Ontario, Canada (Findlay & 
Houlahan 1997) and to the presence of European tree 
frogs at ponds in Europe (Pellet et al. 2004). The detri- 
mental effect of landscape fragmentation by roads is a 
primary cause of the decline of endangered brown 
hare populations in Switzerland. High road densities 
have made the hare populations — once one of the most 
abundant mammal species in Switzerland — much 
more vulnerable to unfavourable weather, to the inten- 
sification of agricultural practices, and habitat loss 
(Roedenbeck & Voser 2008). 

Several empirical studies reported values in road 
density above which certain species do not occur any 
more, for example wolves in Ontario, Canada, and 
Minnesota, USA (Jensen et al. 1986; Mech et al. 1988), 
and grizzly bears in Montana, USA (Mace et al. 1996). 
However, little information is available about the 
thresholds of decline in population viability (Robinson 
et al. 2010). 

What do these thresholds and the lack of informa- 
tion about them mean for transportation planning? 
They imply that nobody knows how close the wildlife 
populations already are to their thresholds, and the 
decline of wildlife populations may come as a surprise. 
If populations have so far survived all road construc- 
tion in a landscape, this does not mean that the popu- 
lations will survive further road construction. The 
next new road may push the population across 
the threshold and cause extinction. Even worse, when 
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Figure 5.1 Illustration of thresholds in the effect of landscape fragmentation caused by roads on the viability of wildlife 
populations, determined from computer simulations. The specific values of the thresholds depend on the particular species, 
traffic volumes on the roads, and the amount and quality of available habitat. Once the threshold has been passed and the so- 
called ‘point of no return’ has been crossed, it may become impossible to rescue a declining population. Effective mesh density is 
a metric to quantify the degree of landscape fragmentation (see Lesson 5.6 and Textbox 5.2). Source: Jaeger and Holderegger 
(2005), reprinted with permission from GAIA: Ecological Perspectives for Science and Society. 


the ‘point of no return’ has been crossed and the popu- 
lation is already in decline, it will likely be impossible 
to reverse the trend and rescue the population even if 
relatively drastic protection measures were taken. 
These thresholds are likely to depend on the species 
and the landscape, and therefore it is unlikely that 
they will be known any time soon. Long-term studies 
would be required to elucidate these thresholds, 
including species that are not (or not yet) endangered. 
As a consequence of the current practice of consider- 
ing only endangered species in EIAs, many species that 
are declining but not (yet) endangered are pushed 
closer and closer to their thresholds. 


5.4 Wildlife populations may have long 
response times to increases in landscape 
fragmentation (‘extinction debt’) 


Wildlife populations react to the fragmentation of 
their habitats with variable response times. The 
response may take several decades (e.g. Findlay & 
Bourdages 2000), indicated by the time lag in Fig. 5.2. 


The response times to the main four mechanisms affect- 
ing a population may differ: The effect of (i) habitat loss 
is almost immediate, (ii) reduced habitat quality and 
(iii) traffic mortality may take longer and (iv) reduced 
connectivity even longer still. After this time lag, the 
population is smaller and more vulnerable to extinc- 
tion. The response times for most species are not 
known, and this realisation is important for EIA 
because it implies that the decline and loss of popula- 
tions will continue for several decades after road con- 
struction. The term ‘extinction debt’ is used to denote 
the number of populations that will go extinct because 
of changes that have already occurred (Tilman et al. 
1994). 

Population persistence is influenced by all past and 
present land uses that contribute to habitat loss and 
fragmentation. Thus, EIA and landscape conservation 
planning should take into account the effects of all 
land uses on animal survival and movement and the 
associated response times. Research approaches to 
investigate the response times and the resulting extinc- 
tion debt have only recently been suggested (Kuussaari 
et al. 2009). 
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Figure 5.2 Four major ecological impacts of roads and traffic on animal populations and the time lag for their cumulative 
effect. After the time lag (often in the order of decades, shown in grey), population size is smaller, exhibits greater relative 
fluctuations over time, is more vulnerable, and the risk of extinction is high. Source: Adapted from Forman et al. (2003). 


5.5 There are large uncertainties about 
many potential ecological effects of roads; 
they need explicit consideration in EIA, and 
decision-makers should more rigorously 
apply the precautionary principle 


There are many uncertainties about the potential land- 
scape-scale ecological effects of roads, for example 
influences of configuration of the road network on 
wildlife populations. The bundling of transportation 
infrastructure to leave other parts of the landscape 
unfragmented decreases the impact of the road net- 
work (Jaeger et al. 2006; Chapters 2 and 3). Even 
though the barrier effect of a bundle of transport 
routes will be higher than the barrier effect of a single 
transport route, bundling is preferable because more 
core habitat remains unaffected by edge effects. In 
addition, wildlife crossing structures could then trav- 
erse all the transport infrastructure in one go; however, 
there may be limits to the length of crossing structures 
that different species of wildlife will use. Similarly, the 
upgrading of existing highways will usually be less det- 
rimental than the construction of new highways 


elsewhere (Jaeger et al. 2006). However, research 
about the role of road network configuration is lack- 
ing, even though it is urgently needed to inform EIA 
and landscape-scale road planning. 

As we do not know the thresholds in road density, 
the response times of wildlife populations to new roads, 
or the influence of road network configuration, these 
uncertainties need to be explicitly incorporated 
into decision-making. We know thresholds exist, 
but we cannot wait another 30 or 40 years for research 
to identify thresholds and response times before they 
are considered in EIA. This requires a shift from a reac- 
tive to a proactive mode of mitigation and more rigor- 
ous application of the precautionary principle (EEA 
2001) and the concept of environmental threat (Jaeger 
2002). This shift to more proactive decision-making is 
supported by the insight that the failure of detecting 
environmental impacts that exist (Type II error) usu- 
ally has more detrimental consequences than the erro- 
neous detection of impacts that do not exist (Type I 
error) (Kriebel et al. 2001). The precautionary princi- 
ple is promoted in environmental policy in Europe, and 
to some degree in other countries as well. For example, 
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the Canadian government’s approach to the precau- 
tionary principle means that ‘the absence of full scien- 
tific certainty shall not be used as a reason for 
postponing decisions where there is a risk of serious or 
irreversible harm’ (Privy Council Office, Canada 
2003). Wise policy therefore avoids an increase of frag- 
mentation from the start. In addition, EIA practitioners 
should be more explicit about their assumptions and 
knowledge gaps, disclosing uncertainties such that 
decision-makers can make more informed decisions 
(Tenngy et al. 2006). 


5.6 Landscape fragmentation should be 
monitored because it is a threat to 
biodiversity and a relevant pressure 
indicator 


Many countries monitor their biodiversity, and 
Switzerland include one parameter that measures the 
pressure on the landscape caused by fragmentation 
due to transportation infrastructure and urbanisation 
(Jaeger et al. 2008). This metric is calculated using the 
method of effective mesh size and effective mesh den- 
sity (Fig. 5.3, Textbox 5.2). Further increases in the 
level of landscape fragmentation need to be avoided 


because it is a threat to biodiversity and many ecosys- 
tem functions and services. Monitoring the degree of 
landscape fragmentation reveals if and how fast land- 
scape fragmentation is increasing, and it can detect 
any changes in the trends (EEA & FOEN 2011). 


5.7 Maintaining ecological corridor 
networks is less costly than paying for their 
restoration at a later date 


In Switzerland, 218 of the 303 wildlife corridors of 
national importance were disturbed or disconnected 
(Holzgang et al. 2001). Their restoration has required 
a large amount of money and will need additional 
money in the future. Therefore, it is a good strategy to 
map ecological corridors and keep them sufficiently 
wide and free from development and transportation 
infrastructure in the first place. It is also more cost 
effective to build wildlife crossing structures during the 
upgrading or construction of unavoidable new roads 
than retrofitting existing roads. The Netherlands have 
allocated about €410 million to a national defragmen- 
tation program that aims to retrofit crossing structures 
to existing infrastructure (van der Grift 2005). This is 
an important lesson because countries can save a lot of 
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Aid to understanding: The effective mesh density Se (i.e. the effective number of meshes per 1000 km?) indicates 
the probability of two randomly chosen points within an area being divided by barriers (e.g. a road or a built-up area). 
The higher the Sef, the greater the degree of landscape fragmentation. 


Figure 5.3 Presentation of the increase of the indicator ‘landscape fragmentation’ in Switzerland (and its five ecoregions) 
since 1885 by the Swiss Government in Swiss Environmental Statistics: A Brief Guide 2007 (FSO & FOEN 2007). The Swiss 
Government presented this information to the general public in this publication, together with a number of other indicators. 
The level of fragmentation is quantified by the effective mesh density (s,,,), see Textbox 5.2. Source: FSO & FOEN (2007). 
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Textbox 5.2 Definition of effective mesh size m,,, and effective mesh density S, 


The effective mesh size m,, is based on the probability that two randomly located points (or animals) in an area 
are connected (or in the same patch) and are not separated by a barrier (e.g. roads and urban area) (Fig. 5.4). Thus, 
it indicates the ability of animals to move freely in the landscape and is ecologically more meaningful than measur- 
ing road density. The second part (multiplication by the size of the region) converts this probability into a measure 
of area. This area is the ‘mesh size’ of a regular grid pattern showing an equal degree of fragmentation and can be 
directly compared with other regions. The smaller the effective mesh size, the more fragmented the landscape. 

The effective mesh density gives the effective number of meshes per square kilometre, that is the density of the 
meshes. The effective mesh density value rises when fragmentation increases. The two measures contain the 
same information about the landscape, but the effective mesh density is more suitable for detecting trends and 
changes in trends. Both have been used to quantify the degree of landscape fragmentation for environmental 
monitoring (Jaeger et al. 2008; EEA & FOEN 2011). A detailed description of both metrics can be found in Jaeger 
(2002) and Jaeger et al. (2008). 


(A) (B) (C) 


Figure 5.4 Illustration of the effective mesh size metric: Two randomly chosen points in the landscape may be 
connected (A) or separated by a barrier (B). The more barriers in the landscape, the fewer points are connected and the 
lower the effective mesh size. For a landscape size of 16 km?, the effective mesh size is 8 km? in (A) and 6 km? in (B) and 
(C). The effective mesh size is an expression of the probability of any two randomly chosen points in the landscape being 
connected. This corresponds to the definition of landscape connectivity as ‘the degree to which the landscape facilitates 


or impedes movement among resource patches’ (Taylor et al. 1993). Source: EEA & FOEN (2011, p. 22). 


money by addressing the issue of landscape fragmenta- 
tion now rather than ignoring the need for these meas- 
ures during road construction and having to deal with 
the increased costs of adding them later. Many coun- 
tries worldwide, including developing countries with a 
rapid rate of road construction (e.g. Chapters 50, 52 
and 57), are in a good position to avoid the mistakes 
that various countries in Europe have committed in 
the past. 


5.8 Limits to control landscape 
fragmentation are needed 


In 1985, the German Federal Government declared the 
goal to ‘reverse the trend in land consumption and 
landscape fragmentation’ (BdI 1985). There is also an 
explicit intention to preserve large, un-fragmented 


spaces with little traffic (Chapter 3) which is a central 
principle of regional and landscape planning in 
Germany. However, landscape fragmentation has 
increased unabatedly since 1985, and there is an ongo- 
ing discussion about introducing quantitative limits to 
the degree of fragmentation. The German Environ- 
mental Agency recently proposed to establish limits to 
the rate of increase of landscape fragmentation based 
on the effective mesh size (Penn-Bressel 2005): The 
remaining large unfragmented areas in Germany are 
to be preserved, and enlarged where possible; and in 
already highly fragmented areas, the trend is to be 
slowed. This lesson is important because it provides the 
option of introducing targets and limits that can be 
evaluated to assess whether or not they have been 
achieved. Thus, it provides a regulatory ground for 
administrative action for curtailing fragmentation 
when the targets are exceeded. 
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5.9 Caring about the quality of the entire 
landscape is essential, not just protected 
areas and wildlife corridors 


Many wildlife species suffer from high mortality when 
moving around in the landscape outside of protected 
areas. This implies that we should always be con- 
cerned about the ecological effects of roads and 
improve the ecological quality of the landscape — inside 
and outside of protected areas — and it is essential to 
keep enough habitat (Fahrig 2001). Otherwise, if there 
is not sufficient habitat left, wildlife corridors and 
crossing structures will be useless. The location of 
crossing structures must be considered in relation to 
the location, quality and amount of habitat within 
adjacent landscapes, as well as in relation to future 
cumulative impacts of human activities during land- 
scape planning to ensure the effectiveness of 
mitigation. 


CONCLUSION 


It is dangerous to think that roads can be built any- 
where if they have wildlife crossing structures and 
fences — while wildlife habitat is subdivided. This dan- 
ger is not visible in the EIAs of single projects, in par- 
ticular when their cumulative effects are inadequately 
evaluated. We must acknowledge that crossing struc- 
tures and fences mitigate only some of the effects of 
roads, but not all (Lesson 1.6). 

Unfortunately, EIAs rarely study the ecological 
effects of new roads sufficiently. Studies often neglect 
the many cumulative effects and uncertainties about 
the ecological effects. A central database of road EIAs 
should be established to enable learning from previous 
studies and share experiences in a more systematic 
way. Accountability should be increased for unantici- 
pated ecological damages and effects with long time 
lags, for example through the introduction of an oblig- 
atory insurance. Decision-makers must embrace better 
approaches for judgment under uncertainty, such as 
the precautionary principle and the establishment of 
quantitative limits or objectives to limit road density or 
the degree of landscape fragmentation (Penn-Bressel 
2005; Roedenbeck et al. 2007). If these improvements 
are not implemented, we will swiftly move further 
away from the goal of sustainability. The conduct of 
regionally focused CEA in a transparent process should 
become the responsibility of governments in the con- 
text of land-use planning or integrated resource man- 
agement planning (Duinker & Greig 2006). Regional 


CEA should explicitly document the assumptions made 
regarding threshold levels of stress, and should imple- 
ment a rigorous monitoring program. However, if it 
turns out that CEA cannot be done adequately, then 
the proposed projects should not be permitted to 
proceed. 


FURTHER READING 


EEA (2001): provides 12 late lessons from early warn- 
ings highlighting the consequences of neglecting uncer- 
tainties based on a set of 15 case studies from 1896 to 
2000 and stresses strategies such as the precautionary 
principle for addressing uncertainties to avoid repeating 
mistakes. 

EEA and FOEN (2011): a report on the degree of landscape 
fragmentation in 28 European countries using the effective 
mesh density and explaining how this information can be 
used for monitoring landscape fragmentation, for the estab- 
lishment of objectives and limits, and for EIA through 
regional environmental assessment and CEA. 

Duinker and Greig (2006): discuss six problems of current 
EIA practice and conclude that the CEA in particular has 
largely failed to deliver on its promises. 

Gontier et al. (2006): a review of EIAs for road and railway 
projects in Europe that demonstrates the existing gap 
between research in GIS-based ecological modelling and 
current practice in biodiversity assessment in environmen- 
tal assessment. 

Karlson et al. (2014): a recent review of EIA and CEA for road 
and railway projects, highlighting a number of persistent 
inadequacies and areas for improvement. 
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WHAT TRANSPORTATION 
AGENCIES NEED IN 
ENVIRONMENTAL 
IMPACT ASSESSMENTS 
AND OTHER REPORTS 
TO MINIMISE 
ECOLOGICAL IMPACTS 


Josie Stokes 
NSW Roads and Maritime Services, New South Wales, North Sydney, Australia 


SUMMARY 


The construction and maintenance of roads often impacts adversely upon biodiversity values. To minimise 
these impacts, road agencies rely on technical information and expert advice provided by ecologists. This 
information is provided in a variety of documents ranging from formal environmental impact assessment 
(EIA) documents to small-scale ecological assessment reports. Road agencies expect the following from a 
high quality EIA: 

6.1 The consultant must have a thorough understanding of the scope for the EIA. 


6.2 The FIA should include accurate and expert technical advice. 
6.3 Adequate methods are used to conduct EIA surveys and analyse the results. 
6.4 The FIA should be easy to read and comprehend. 
6.5 The FIA must adequately assess the potential impacts of the project or action on biodiversity. 
6.6 The EIA should follow the mitigation hierarchy (i.e. avoid, minimise, mitigate and lastly offset) and 
recommend realistic measures to protect the environment. 

This chapter provides best practice guidance for delivering high quality EIA and is relevant to road agencies 
as well as environmental consultants. The recommendations in this chapter apply equally to other projects or 
actions that do not require a formal EIA, and yet have the potential to have significant environmental impacts. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
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INTRODUCTION 


The construction and operation of roads and other 
linear infrastructure can impact adversely upon the 
environment and biodiversity. Road agencies have a 
legal, social and environmental obligation to minimise 
their ecological and environmental impacts. In order to 
adequately assess the potential impacts of a road pro- 
ject (or action) on biodiversity, an environmental 
impact assessment (EIA) is often required (Chapter 5). 
It is usually only major road projects that are required 
to follow the formal EIA process because of the poten- 
tially large-scale significant impacts they may have. 
For small-scale road projects or actions, there is still a 
legislative requirement to consider potential environ- 
mental impacts, but these are usually addressed 
through smaller or informal ecological assessments. 
Agencies may also request surveys of biodiversity or 
roadkill for a range of reasons not related to specific 
projects (e.g. road safety). In all these situations, the 
assessments and reports must address the same six 
lessons as outlined in this chapter for formal EIA. 

Road agencies rely on the technical information and 
advice provided by environmental specialists (private 
consultants or in-house) to assist them to make deci- 
sions that avoid, minimise and mitigate potential 
impacts. Unfortunately, the EIAs (and other reports) 
received from consultants vary in quality (e.g. Karlson 
et al. 2014), which can result in delays to projects, 
additional costs to the agency and, ultimately, further 
impact on the environment. 

Environmental consultants must deliver reports to 
clients on time and try to come in under budget so that 
their company can make a profit. This can lead to ‘cut- 
ting corners’, including the use of inadequate survey 
methods, employing a less-experienced team member 
to write the report and of course, the dreaded ‘cut and 
paste’ from previous unrelated reports. The aims of this 
chapter are to highlight the expectations of a road 
agency for EIAs (and other surveys and assessments) 
and outline the requirements for a high-quality EIA. 


LESSONS 


6.1 The consultant must have a thorough 
understanding of the scope for the EIA 


When preparing an EIA, the consultant must have a 
thorough understanding of the scope in order to 
deliver a high-quality report that adequately assesses 
the potential impacts of a project (or action) upon 


biodiversity. It is therefore critical that the road agency 
knows what questions need to be answered so that they 
can provide the consultant with a clear, concise scope 
for the EIA, including the following: 

e A description of the ecological characteristics of the 
study area including identifying protected and threatened 
terrestrial and aquatic flora and fauna species, popula- 
tions and ecological communities and their habitats. 

e An identification of the direct and indirect impacts of 
the proposed activity on terrestrial and aquatic flora 
and fauna species, populations, ecological communi- 
ties and critical habitat. 

e An assessment of the nature, extent, frequency, 
duration and timing of potential impacts. 

e An evaluation of the extent to which the proposed 
activity contributes to processes threatening the sur- 
vival of biota on the site. 

e An analysis of the significance of the potential impact 
of the proposed activity on species, ecological commu- 
nities and populations listed under relevant legislation. 
e A section that proposes measures to avoid, minimise, 
mitigate and, if necessary, offset impacts. 


6.2 The EIA should include accurate and 
expert technical advice 


The advice and technical information provided by consult- 
ants guides the avoidance, minimisation and mitigation of 
potential impacts. It is important that the information 
provided in the EIA is thorough and accurate because road 
agencies rely on the technical information in order to 
comply with policies and legal mandates regarding the 
potential impacts of a proposal on the environment. 

For example, by assuming that threatened species 
are absent from an area (through lack of survey effort, 
inexperienced surveyors, incorrect timing of surveys, 
lack of consultation with researchers/species experts) 
when they actually do occur, or have a high likelihood 
of occurring, presents a high risk. This is especially 
challenging for agencies when a construction contract 
for a project has been awarded and a threatened spe- 
cies that was dismissed as being absent from the site is 
suddenly discovered in the project area (Textbox 6.1). 


6.3 Adequate methods are used to conduct 
EIA surveys and analyse the results 


It is widely recognised that one of the limitations of 
ecological surveys conducted for EIA is that they are 
often just ‘snapshots in time’. It is therefore important 
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Textbox 6.1 Endangered frogs stop work on 
Australian highway upgrade. 


Surveys for the endangered green and golden bell 
frog (Fig. 6.1) along a section of the Princes Highway 
upgrade project in eastern Australia were under- 
taken in 2009, coinciding with a major drought. The 
consultant did not use adequate survey methods or 
follow guidelines for this species, and consequently 
it was dismissed as being ‘unlikely to occur’. When 
construction for the highway upgrade started 2 years 
later (and after the drought had broken), this species 
appeared in high numbers across the project site. 
Construction was suspended for 5 months while the 
relevant approvals were obtained. This ‘unexpected’ 
threatened species discovery cost the road agency 


approximately AUD 4 million in delays and additional 
mitigation measures. 


Figure 6.1 The endangered green and golden bell 
frog. Source: Photograph by Josie Stokes. 


that adequate methods are employed by the consultant 
in order to provide a detailed and accurate description 
of the site. Regulatory agencies are important 
stakeholders that review EIAs, and their comments are 
often focused on the inadequacy of the field survey 
techniques to detect a particular threatened species or 
accurately describe the amount of potential habitat for 
threatened species (Chapter 5). 

Numerous government policy documents and 
species recovery plans describe survey methods for 
different scales of development, regions and threat- 
ened species (see references for Australian examples). 
The road agency should review the proposed methods 
provided by the consultant against methods that are 
recommended by regulatory agencies. Where availa- 
ble, the field survey techniques and survey effort used 
should be supported by scientific literature to ensure a 
high-quality contribution to the EIA. Field survey 


methods must also be adequately described in the EIA 
to ensure subsequent surveys conducted by someone 
else are as consistent as possible. 

If previous ecological studies and field work have 
been undertaken in the same location as the proposal 
(i.e. for corridor or route selection studies), they should 
be used as background information and the data 
included in the EIA. Previous reports should be identi- 
fied and include a summary of survey techniques and 
effort. All raw data should be submitted as part of the 
EIA in a useable and retrievable format and carefully 
stored by the road agency. Approaches and techniques 
to analyse and synthesise data are continually improv- 
ing. Unfortunately, methods used in many EIAs are 
often outdated and do not represent best practice in the 
field (Lesson 5.1). Consequently, the amount of infor- 
mation being obtained from existing data sets is not 
being maximised, which likely results in an inadequate 
assessment of the potential impacts of the proposed 
project. EIAs and other reports should use the most 
current analysis and modelling techniques to analyse 
data and predict likely impacts. 


6.4 The EIA should be easy to read and 
comprehend 


EIAs are usually available to the public, and overly 
technical language should be avoided to ensure that its 
content is understandable by a wide and often lay 
audience. Similarly, every consultant has a different 
way of presenting information, and sometimes it can 
be repetitive, illogically structured and even worse, 
may contain irrelevant information cut and pasted 
from a previous, unrelated report. 

EIA reports can be very large, and extend to multiple 
volumes that focus on arange of environmental matters, 
particularly for large or complicated projects. Therefore, 
they should be logically organised to allow the reader to 
easily find relevant information. By following a standard 
structure (e.g. Table 6.1), the road agency can devote 
more time to reviewing the technical content, rather 
than the structure of the report. 


6.5 The EIA must adequately assess the 
potential impacts of the project or action on 
biodiversity 


EIAs that fail to identify all of the potential impacts of 
a project can have serious consequences during the 
project approval process and for biodiversity during 
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or after construction (Chapter 5). The recommended 
minimum information for adequately assessing 
potential ecological impacts in an EIA includes the 
following: 

e Identification of direct and indirect impacts. 

e Characterising the frequency, duration and intensity 
of the impact. 

e Differentiating between construction and operational 
impacts. 

e Consideration of the scale of the impact from a local 
and regional perspective. 

e Consideration of the impacts resulting from the 
proposal relative to existing pressures and impacts. 

e Discussion of the significance of the impact, 
supported by the conclusions of any assessments of 
significance (or effect determination) as appropriate. 


6.6 The EIA should follow the mitigation 
hierarchy (i.e. avoid, minimise, mitigate and 
lastly offset) and recommend realistic 
measures to protect the environment 


EIAs are highly variable in their proposed safeguards, and 
sometimes none are proposed. Other EIAs don’t provide 
any correlation between the potential impact and how 
the proposed mitigation may ameliorate that impact. 
The Roads and Maritime Services of New South 
Wales, Australia, has developed a process to identify 
and evaluate potential mitigation measures (NSW 
RMS 2012). Mitigation measures and the discussion in 
the EIA should: 
e Respond specifically to the potential impacts identi- 
fied in the EIA. 
e Be structured to avoid repetition. 
e Be developed in consultation with the road agency. 
In some instances, it will be appropriate to involve 
regulatory agencies in these discussions if they have 
expertise in the likely effectiveness of the proposed 
mitigation. 
* Be supported by the road agency as feasible and rea- 
sonable (Chapter 4). 
Examples of guidelines and standards for best practice 
mitigation measures are given in Chapter 59. 


CONCLUSIONS 


Inadequate EIAs can result in delays to projects, addi- 
tional costs to the agency (and hence society) and often 
significant impacts to biodiversity. There are numerous 
lessons for road agencies, environmental consultants 


and regulatory agencies to learn in order to raise the 
quality of EIAs. EIA reports must be logically struc- 
tured, use sound and reliable survey and analysis tech- 
niques, include comprehensive and thorough technical 
advice, and accurately and honestly assess the poten- 
tial impacts of the proposed project or action on 
biodiversity. 
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FURTHER READING 


DoE (2013): This document provides guidance for assessing the 
likely significance of impacts of a project (or action) on feder- 
ally-listed species and ecological communities in Australia. 

NSW DEC (2004): A guidance document for decision makers 
when considering a project (or action). It also provides 
information and assistance to individuals or organisations 
that may be required to consider the effect of a project (or 
action) on threatened biodiversity. 

NSW RMS (2011): Guidelines providing best practice 
advice to road agencies, construction workers and eco- 
logical consultants to minimise impacts during construc- 
tion of roads; also applicable to other types of linear 
infrastructure. 

NSW RMS (2012): This document provides advice and guid- 
ance on how to undertake best practice environmental 
impact assessments. It was developed to assist ecologists 
and road agency staff in NSW, Australia. 

UK EA (2002): A handbook to guide EIA scoping activities 
and explain the role and importance of scoping in EIA in 
the United Kingdom. It also provides guidance on key issues 
common to many project types. 

WSDOT (2012): This document provides a template and tools 
to write better biological assessments when analysing the 
potential impacts of actions on the environment in the 
United States. 
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PRINCIPLES 
UNDERPINNING 
BIODIVERSITY OFFSETS 
AND GUIDANCE ON 
THEIR USE 


Yung En Chee 


School of BioSciences, The University of Melbourne, Parkville, Victoria, Australia 


SUMMARY 


Biodiversity offsets (also known as compensatory measures) are increasingly being applied as a tool for 
balancing development and conservation. Offsets may be appropriate compensation for residual impacts 
after genuine attempts have been made to avoid, minimize and mitigate impacts from development activities. 
Offsetting activities usually involve the management of habitat/land at locations separate from the impact 
site. To be considered successful, offsetting must at a minimum, produce ‘no net loss’, by delivering adequate 
conservation gains to balance the losses imposed by developmental impacts. 

7.1 Adhering to the mitigation hierarchy is essential for maintaining the legitimacy of offsets and 


compensatory measures. 
7.2 Early identification and understanding the limits of what can be offset is an essential step in offset 
mitigation planning. 
7.3 The concept of offsets requires an understanding of what is required to achieve ‘no net loss’. 
7.4 Uncertainties and risks that might affect delivery of ‘no net loss’ are foreseeable and should be 
anticipated and accounted for in planning for offsets. 
7.5 Effective management and governance is imperative for achieving ‘no net loss’. 

The concept of biodiversity offsets is simple. However, they are complex to design, implement and deliver 
in practice, particularly given the attendant risks and uncertainties. Although their use has expanded world- 
wide, evidence regarding actual conservation outcomes is still limited. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
Companion website: www.wiley.com\go\vanderree\roadecology 
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INTRODUCTION 


Despite the best intentions, many road development 
projects will entail biodiversity impacts such as 
increased mortality of species that are attracted to 
roads, or disruption of habitat connectivity because 
topography or terrain prohibits re-connection, or 
suitable crossing structures cannot be built for the 
species in question. Biodiversity offsets are a relatively 
new tool for balancing development and conservation. 
Although their use is still in its infancy, they are now 
part of the statutory framework mandated by 
legislation in a growing number of countries includ- 
ing Australia, USA, Canada, Brazil, Columbia, New 
Zealand, South Africa and some in Europe (ten Kate et 
al. 2004; Gordon et al. 2011). They are also used in a 
voluntary capacity in projects around the world 
(Doswald et al. 2012). 

What exactly are biodiversity offsets? Although 
different definitions exist, the definition developed by 
the Business Biodiversity Offsets Programme (BBOP, 
Textbox 7.1) encompasses the key principles regard- 
ing the use of offsets, namely, the primacy of adher- 
ing to the mitigation hierarchy (i.e. avoid, minimise, 
mitigate, then finally, offset), appropriate quantifica- 
tion of biodiversity losses and conservation gains, 
and the concept of ‘no net loss’. In the statutory 
frameworks of different jurisdictions, the policy 
objective ranges from ‘net gain’ to ‘no net loss’ to 
general statements about addressing adverse 
impacts (McKenney & Kiesecker 2010). However, 
the most common goal is ‘no net loss and preferably 
a net gain’ (BBOP 2009). 

This chapter explains the key concepts of offsets 
as compensation for residual project impacts and 
describes the principles required to ensure that offsets 


Textbox 7.1 Definition of biodiversity offsets. 


Biodiversity offsets are ‘measureable conservation 
outcomes of actions designed to compensate for 
significant residual adverse biodiversity impacts 
arising from project development after appropriate 
prevention and mitigation measures have been 


taken. The goal of biodiversity offsets is to achieve 
no net loss and preferably a net gain of biodiversity 
on the ground with respect to species composi- 
tion, habitat structure, ecosystem function and 
people’s use and cultural values associated with 
biodiversity’. (BBOP 2009, italics mine). 


have the best prospect of delivering ‘no net loss’ of 
biodiversity under real-world uncertainties that occur 
in practice. 


LESSONS 


7.1 Adhering to the mitigation hierarchy is 
essential for maintaining the legitimacy of 
offsets and compensatory measures 


Biodiversity offsets are controversial because of the 
perception that they could encourage regulators to 
approve projects with severe biodiversity impacts as 
long as offsets are provided as compensation. Statutory 
and voluntary frameworks for offsetting address this 
concern by requiring adherence to the mitigation 
hierarchy (e.g. BBOP 2012a; DSEWPaC 2012). In 
theory, this designates offsetting as the least favoured 
measure, to be used as a ‘last resort’ to compensate for 
residual impacts after all reasonable measures have 
been taken to avoid, minimise and mitigate biodiversity 
impacts in situ (Fig. 7.1). Lending institutions (particu- 
larly Equator Principles Financial Institutions) are 
increasingly incorporating the mitigation hierarchy 
(or elements of it) into their policies for assessing and 
managing environmental, social and reputational risk 
that might impact on their social license to operate 
(UNEP-WCMC 2011; Doswald et al. 2012). 


7.2 Early identification and understanding 
the limits of what can be offset is an 
essential step in offset mitigation planning 


Biodiversity offset actions can produce gains in biodi- 
versity value at an offset site in three ways: through 
enhancement, averted loss and creation (Textbox 7.2). 

It is important to note that offset actions to generate 
gains in biodiversity from enhancement or averted loss 
must be over and above any duty of care that is already 
required at the offset site. Under a policy of ‘no net 
loss’, only gains that would not have occurred without 
the offset actions are counted. This is the principle of 
additionality. 

In practice, proponents of developments should 
undertake a risk assessment at the earliest possible 
stage in the planning process to identify if impacts that 
cannot be offset are likely (BBOP 201 2a). Doing this at 
the early planning stages provides data to inform early 
decisions concerning project siting, design and risks. 
A more detailed analysis of impacts that may not be 
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Positive 
1.Pl=a 2. Pl can be 3. Pl can be 
project’s reduced by further 
predicted measures reduced by 
impact (e.g. design measures that 
changes) that minimise and 
© avoid impact mitigate 
= (AV) impacts (MM) G G 5. After stepping 
a through the mitigation 
T 0 hierarchy, no net loss 
g : is achieved if 
3 i hearers P biodiversity losses are 
m impacts (losses) balanced with gains 
are then 
compensated 
for by gains (G) 
produced by 
offsets 
AV AV 
Negative 


Figure 7.1 The sequential steps of applying the mitigation hierarchy (left to right) and the role of offsets in ensuring ‘no net 
loss’. Source: Adapted from BBOP (2009) and Quétier and Lavorel (2012). 


possible to offset should also form part of the formal 
FIA. Some biodiversity impacts cannot be offset because 
(BBOP 2012b; Maron et al. 2012; Pilgrim et al. 2013): 
* The affected entity (e.g. species/community/ecosys- 
tem) occurs only at a few sites or populations and is 
effectively irreplaceable because there are too few 
viable offset sites outside the area affected by the 
development. 

° The affected entity is endangered and close to the thresh- 
old of minimum viability (e.g. because the majority of the 
original population(s) and/or habitat has been lost). 

¢ The affected entity is in good to excellent condition; 
and there are few, if any, opportunities to make gains at 
offset sites via enhancement (Textbox 7.2). 

¢ The background rates of loss for the affected entity 
are low; and there are few, if any, opportunities to 
obtain gains through averted loss (Textbox 7.2). 

e Lack of knowledge or effective restoration tech- 
niques mean it is unclear if ecologically equivalent 
gains can be made at the offset site within an accepta- 
ble timeframe and level of certainty (e.g. attempting to 
restore ‘full’ floristic diversity or ‘old-growth’ habitat); 
e The resources required to generate gains at offset 
sites is prohibitive. 


7.3 The concept of offsets requires an 
understanding of what is required to achieve 
‘no net loss’ 


‘No net loss’ is central to the concept of offsetting. It 
seeks to ensure that biodiversity losses due to direct and 
indirect impacts of a project are balanced by 
biodiversity gains at offset sites such that there is no net 
reduction overall in the type, amount and quality/ 
condition of biodiversity over some defined space and 
timeframe (BBOP 201 2c). 

An explicit spatial and temporal scale must be speci- 
fied to provide the context for: 
¢ Estimating the extent, severity and duration of direct 
and indirect impacts due to the project; this is important 
if project activities have cumulative or cascading effects 
on biodiversity; 
* Considering landscape-scale processes that might 
be important for achieving gains at offset sites (e.g. 
distance and functional connectivity between the 
offset site and source populations of affected enti- 
ties) and understanding the timeframe for deliver- 
ing and maintaining biodiversity gains from offset 
actions. 
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Textbox 7.2 Three ways in which biodiversity actions can generate gains: enhancement, averted 


loss and creation. 


Solid lines in Fig. 7.2 show the projected trajectory of 
biodiversity value at three hypothetical offset sites 
under existing land use, management regime or 
threatening processes (e.g. logging, grazing, weed or 
predator invasion). Dotted lines indicate the corre- 
sponding trajectories of biodiversity value under an 
offsets action regime at each site. At the topmost site, 
which is in relatively good condition and not subject to 
degrading forces, rehabilitation or restoration actions 
(e.g. weed control, reinstatement of woody debris) 
have the potential to produce gains in biodiversity 
value through enhancement. Note however, that offset 
sites that are in excellent or very good condition may 


Potential trajectory 
under biodiversity 
offset actions regime 


Biodiversity value 


Potential trajectory under existing 
land use, management regime or 
threatening processes 


have limited potential for further improvement. The 
middle-placed site is of poorer quality than the top- 
most site to begin with and is subject to strong 
degrading forces. To produce a gain from averted 
loss, this site will require offset actions that can effec- 
tively mitigate threatening processes and reverse deg- 
radation to bring about improved biodiversity value. 
This might require enacting a set of several actions 
such as fencing, predator control and re-vegetation, 
concurrently. Finally, gains from creation require offset 
actions that can effect measureable increases in bio- 
diversity value from a site where they were initially 
absent. 


| Enhancement (e.g. rehabilitation 
or restoration) 


Averted loss (e.g. avoided 
degradation by removing or 

| mitigating threatening 
processes) 


Creation 


Time (from commencement of offset actions) 


Figure 7.2 Schematic representation of how enhancement, averted loss and creation can theoretically generate 


biodiversity gains. Source: Yung En Chee. 


Road agencies frequently purchase land along 
highway easements for road building and then sell 
off unused parcels after the project is completed. 
However, parcels close to the highway that have 
native vegetation on them may be retained to serve as 
biodiversity offsets. Does this satisfy a ‘no net loss’ 


test? The answer depends on the biodiversity compo- 
nents under consideration. Research has shown that 
apparent survival rates for squirrel gliders next to a 
highway in south-east Australia is approximately 
70% less than that of gliders greater than 5 km away 
(McCall et al. 2010). So sites along a highway that 
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have elevated mortality rates are inadequate for 
achieving ‘no net loss’, and appropriate offset sites 
must be sought outside the road-effect zone. Similarly, 
stormwater retention ponds that treat runoff from 
roads and other impervious surfaces are unlikely to be 
an appropriate offset for amphibians if levels of pol- 
lutants exceed tolerable thresholds (Chapter 31). 

Because the concept of biodiversity encompasses 
such complexity, methods for quantifying biodiver- 
sity losses and gains are inevitably an imperfect sim- 
plification based on surrogates for the full 
complement. In practice, all operational approaches 
to offsetting focus on a subset of biodiversity compo- 
nents. To limit misunderstandings that could arise 
from this inherent limitation, it is vital to clearly doc- 
ument and justify the offset design elements outlined 
in Table 7.1. 


7.4 Uncertainties and risks that might 
affect delivery of ‘no net loss’ are 
foreseeable and should be anticipated and 
accounted for in planning for offsets 


Uncertainty arises at every stage of the offsetting 
process (Textbox 7.3). Many of these risks or uncer- 
tainties are foreseeable, and should be anticipated, 
identified and accounted for in the offsetting process. 
Except in cases where offset ‘credits’ must be paid up 
front before any project impacts are permitted, most 
offsetting situations involve immediate and certain 
biodiversity losses in exchange for uncertain, future 
gains. This is problematic because the expectation 
that mitigation, rehabilitation and restoration 
techniques can generate the required gains is not 
supported by the available evidence (Maron et al. 
2012; Curran et al. 2014). 

When there is high uncertainty about whether bio- 
diversity components can be successfully restored 
and/or the time lag required is unacceptably long, 
proponents should revisit the feasibility of offsetting 
the impacts. In all other cases, the risk of failure 
should be underwritten (Burgin 2008). A common 
approach for incorporating this risk is to use multipli- 
ers or offset ratios that are established to guarantee a 
favourable outcome (Moilanen et al. 2009). The 
method for setting multipliers or offset ratios should 
be clearly documented and justified. A recent simula- 
tion analysis showed that a comprehensive account- 
ing of uncertainty can result in very high offset ratios 
(in the order of 10—100s) to be robust (Moilanen et al. 


2009); in practice, these are unlikely to be politically 
or economically acceptable. 


7.5 Effective management and governance 
is imperative for achieving ‘no net loss’ 


The enterprise of delivering ‘no net loss’ of biodiver- 
sity from offsetting requires effective management 
and oversight of the issues related to offset design, 
uncertainties in loss-gain quantification, and 
onground implementation. An adaptive management 
approach is required that includes monitoring and 
evaluation, supported by a structured, iterative pro- 
cess for using the resulting data to update the 
knowledge base for improved decision-making under 
uncertainty. Monitoring should not only track 
whether offsets were actually implemented on the 
ground but also their effectiveness at achieving the 
gains predicted based on theory and design under 
conditions of real-world uncertainties. Adaptive 
management (Nichols & Williams 2006; Duncan & 
Wintle 2008) and management strategy evaluation 
(Smith et al. 1999; Sainsbury et al. 2000) are exam- 
ples of useful frameworks for guiding purposeful 
monitoring, evaluation, learning and uncertainty 
reduction. 

Transparent governance arrangements 
address several key issues: 
e Roles and responsibilities: specify exactly who is 
responsible for each stage of the offsetting process, 
what needs to be done at each stage, what minimum 
standards will be applied and how those standards will 
be enforced. Offsetting should be integrated into the 
road planning process (Chapters 4 and 9). 
e Resourcing: financing provisions for all stages of the 
offsetting process up to implementation, monitoring 
and finalisation must be adequate, sustainable and suf- 
ficiently robust to withstand changes in economic con- 
ditions (Burgin 2008). 
* Reporting and auditing regime: periodic reporting of 
monitoring and auditing results and the rationale for 
implementation adjustments is important for demon- 
strating accountability and providing assurance that 
required gains will be delivered (even if temporary set- 
backs occur). Lessons learnt will be important for 
designing future offsets. 
In addition to their central role in delivering ‘no 
net loss’ of biodiversity, effective management and 
governance underpins responsible risk manage- 
ment and contributes towards the management of 


should 
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Table 7.1 Offset design elements and some key considerations and guidance on their use. 


Design element 


Key considerations, guidance and examples 


Choice of biodiversity 
components and their 
measures 


Methods/protocols for 
estimating these measures 


How is the ‘currency’ 
constructed? 


Not everything can be measured, so what are the key components or features that 


need to be explicitly captured? These can be specific to affected entities such 
as threatened species and their particular life history requirements, relate to 
biodiversity patterns more generally, or some combination of both. 


Potential measures for: 


e Target species include number of breeding pairs, number of young produced 
per year, survival rates, abundance or amount of high-quality habitat 
Biodiversity include composition, structure or ecological processes. For 
instance, native plant species richness, basal area and density of 
overstorey, mid-storey and understorey vegetation, and site spatial 
characteristics such as size, shape, configuration, juxtaposition with other 
habitat types in the region, connectivity value and irreplaceability. Some 
measure of irreplaceability is important to avoid assigning low value to what 
may be an instance of a degraded but highly threatened and irreplaceable 
habitat (Bekessy et al. 2010) 


Methods for estimating the selected measures should be fit-for-purpose, rigorous 


and clearly described for correct and consistent application by assessors. In 
some jurisdictions, regulatory authorities have specified standards for minimum 
desktop analysis requirements, minimum field survey effort, survey techniques 
for target taxa, accredited site assessment methods and modelling and mapping 
of species and/or habitats (e.g. DSE 2010). 


Once selected, biodiversity components and their associated measures are 


integrated into a biodiversity currency or metric that represents biodiversity 

value. The currency needs to be devised with care because it forms the basis for 

what is meant by losses and gains. Importantly: 

e Characteristics not adequately incorporated into the currency will only be 
protected by chance and risk being lost in the exchange (Walker et al. 2009; 
BBOP 2012c); and 

e Care must be taken to ensure that construction of the currency reflects the 
underlying ecological rationale/intent. 


For instance, an ‘area x condition’ index is a common form of currency where 


the condition is based on scoring a set of attributes, weighting and then 
calculating the sum (e.g. Habitat Hectares, see Parkes et al. (2003); and 
BioMetric, see Gibbons et al. (2009)). The use of additive scoring implies that 
the attributes are independent and substitutable (Burgman 2001). If attributes 
are not actually independent, then the use of additive scoring implies a degree 
of ‘double-counting’ for correlated attributes. Substitutability also implies that 
a low score in one attribute can be perfectly compensated for by a higher 
score in another attribute. This can lead to perverse scenarios where negative 
changes in an attribute, for instance, the felling of standing trees, can be 
perfectly compensated for by say, an increase in the abundance of logs 
(McCarthy et al. 2004). A multiplicative index would prevent this problem 
(McCarthy et al. 2004). 


The ‘area x condition’ form may also be problematic if it allows a small, high 


biodiversity value site to be compensated for by a much larger but low 
quality offset site. In practice, ‘exchange rules’ (see below) are used to 
prevent this by stipulating the degree of exchangeability between area and 
condition. 


Continuous improvement through careful testing and user feedback is important 


for ensuring that a currency is robust and ecologically meaningful. 
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Table 7.1 (Continued) 


Design element 


The ‘accounting model’ 


Key considerations, guidance and examples 


The accounting model specifies the rules for estimating net balance with regard to 


type, amount and quality/condition of biodiversity over some defined space and 
timeframe (BBOP 2012c). Demonstrating ecological equivalence across type, 
space and time is challenging because no two sets of biodiversity, separated in 
space and time are going to be identical. To preserve equivalent or near- 
equivalent exchanges, ‘exchange rules’ are used to limit out-of-kind exchanges 
that might undermine the delivery of ‘no net loss’. So for instance, rules can be 


set to: 


e Prohibit exchange of biodiversity components of high irreplaceability for 
components of lower conservation/threat status. 

e Limit exchanges to the same species, communities or ecosystem types (i.e. 
impacts to a given species cannot be compensated for by improvements to 


another species). 


e Disallow exchange of area for condition (i.e. cannot exchange a small, 
high-quality site for a larger but lower quality offset site) 

e Require exchanges within the same watershed or biogeographic region. 

e Stipulate the permitted time lag (if any) between loss and gain. 


The explicit calculation of 
losses and gains at 
matched impact and offset 
sites 


In cases where selected biodiversity components include (i) a mix of specific entities, 
(ii) more general habitat attributes, and (iii) site characteristics with landscape- 
context measures, multiple loss-gain assessments may be required to transparently 
account for the different components and/or currencies (BBOP 2012c). 


Textbox 7.3 Types and examples of uncertainty in offsetting. 


Uncertainties in quantifying losses and gains in offset- 
ting can arise from the following: 

e measurement error of biodiversity components due 
to inaccuracies in measurement relating to equipment, 
observer technique and instrument/operator error; 

e systematic error due to biases in survey or sampling 
methods or excluding an overlooked biodiversity 


component; 

e natural variation in dynamic systems that undergo 
cycles of disturbance and recovery (e.g. fire- or flood- 
prone ecosystems), thereby confounding attempts to 
obtain ‘representative’ measurements from a single 
time period (McCarthy et al. 2004); 

e models of uncertainty, that is working conceptions 
and representations of the system of interest. This 
could lead to error in projections of predicted impacts 


reputational risk and the social license to operate. 
These factors are also important to the investment 
community and lending institutions, who may 
require demonstrated impact management and envi- 
ronmental and social risk management as a condi- 
tion of finance and continued access to resources 
(Doswald et al. 2012). 


and/or expected gains from offset actions (e.g. misdi- 

agnosis of threatening processes); 

e subjective judgement as a result of data interpreta- 

tion and/or use of expert judgements for estimates 

when data are scarce and/or error prone. 
Uncertainties that may cause offsets to fail are many 

and varied, and include for example: 

e Environmental stochasticity (e.g. storms, fires, land- 

slides or floods); 

e Insecurity of tenure at offset sites (e.g. changes in 

planning regulations); 

e Insufficient funds to resource the full package of off- 

set actions; 

e Partial or total failure of threat mitigation, rehabilita- 

tion or restoration techniques relied on to generate 

enhancement, averted loss and creation gains. 


CONCLUSIONS 


The concept of biodiversity offsets is simple. However, 
they are complex to design, implement and deliver in 
practice. Although their use has expanded worldwide, 
evidence regarding actual conservation outcomes is 
still limited. The lack of rigorous post-implementation 
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monitoring and evaluation makes it unclear whether 
offsets are a reliable tool for delivering ‘no net loss’ of 
biodiversity. This reinforces the importance of manag- 
ing impacts via the mitigation hierarchy until further 
research can provide evidence-based guidance on the 
performance of different types of offset actions under 
real-world conditions. 
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SUMMARY 


The construction stage of a road project is when years of planning and design are realised. The construction 
stage relies on a team of people with a diverse range of skills and expertise to deliver a product according to a 
set of detailed designs. The construction period is also when any mistakes made during planning and design 
become evident and when errors are actually made. Mistakes range from incorrectly designed or constructed 
mitigation measures to missed opportunities for improvement. The ease and cost to fix such mistakes vary 
significantly, as well as the consequences for biodiversity and reputations if they remain unaddressed. 

8.1 Pre-construction planning and dedicated environmental staff are essential to identify opportunities 
and avoid mistakes. 

8.2 A pre-construction review of road and mitigation designs is important to assess constructability and 
identify opportunities for improvement. 

8.3 Clearing of vegetation must be carefully planned and strictly monitored. 

8.4 Early installation and regular maintenance of fauna exclusion fences can help to reduce wildlife 
mortality during construction. 

8.5 Early construction of fauna mitigation measures can minimise impacts and allow adaptation of 
designs if required. 

8.6 Effectiveness of mitigation can be reduced if the quality of the finishing is inadequate. 

8.7 Appropriate education targeted at the needs of different construction personnel can help to achieve 
the best ecological outcomes. 
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The quality of the completed project will vary depending on the level of environmental monitoring or 
supervision, the engagement of the contractors and the degree to which the construction team have been 
educated during the project. Every effort should be made to identify potential mistakes before they happen 
and to redress any that occur, especially if the potential consequences are high. 


INTRODUCTION 


The construction and completion stages of a road 
project are usually the most visible and anticipated 
part of the process. Despite a long period of detailed 
planning and careful design, construction rarely 
occurs without mishap, design modifications or periods 
where there is some uncertainty about ‘will this 
actually work?’ Roads and mitigation measures are 
built to highly detailed designs and specifications that 
have been reviewed, agreed upon and funded. Mistakes 
occur when aspects are not built to the specified 
standard, or if the design was incorrect. Missed 
opportunities for improvements to the design are also 
potentially a problem. Mistakes and missed opportuni- 
ties can be small or large, and cheap or prohibitively 
expensive to fix. 

It is impossible to specify a step-by-step approach that 
eliminates all risk of mistakes because each project is 
different. A major difference among projects is the deliv- 
ery method, which includes construct only, design and 
construct, or various levels of partnership between gov- 
ernment and private industry (referred to in this chap- 
ter as an alliance). These different approaches influence 
cost, contractual responsibility for different aspects of a 
project and the ability to identify and deal with mistakes 
and missed opportunities. A ‘construct-only’ contract is 
where the client (ie. road or infrastructure agency) 
engages a private company to build a road from a fully 
developed design. Consequently, the construction com- 
pany is not responsible for mistakes which become 
evident during construction but which occurred during 
the planning or design, and they are unlikely to rectify 
such issues unless paid to do so. Therefore, it is critical 
that the road agency has thoroughly planned and 
designed the project from the outset. A ‘design and con- 
struct’ approach is where the client engages a company 
or consortium to design the project according to a 
scope of works and then, after approval, to build it. This 
arrangement has more interaction between the client 
and the construction and design teams than a con- 
struct-only approach and potential errors and missed 
opportunities are also more easily identified and resolved. 
However, any mistakes or missed opportunities that are 


a consequence of a poorly prepared scope of works is 
the responsibility of the client, not the design or con- 
struction teams. Private companies are unlikely to take 
responsibility to fix such mistakes, unless they can 
recoup costs. An alliance is where the client partners 
with one or more private design and construction com- 
panies to develop the design and then build the project 
together. This approach often achieves optimal out- 
comes for biodiversity because the road agency is 
involved in all stages of the project and can ensure high 
standards. It is the collective responsibility of all parties 
to ensure the project is constructed on time, within 
budget and as designed. 

The diversity of factors that influence the delivery of 
a project complicates the ability to present a checklist 
approach to all the possible mistakes or missed oppor- 
tunities. Rather, in this chapter, I have focused on a 
number of common issues that occur relatively fre- 
quently. The lessons are ordered to correspond with the 
typical stages in large infrastructure projects (Chapters 
4 and 9). 


LESSONS 


8.1 Pre-construction planning and 
dedicated environmental staff are essential 
to identify opportunities and avoid mistakes 


Chapter 4 and Figure 4.1 show the major stages in a 
road project. An additional planning stage usually 
occurs after a contract has been awarded and is often a 
key milestone in gaining approval to commence con- 
struction. This pre-construction planning is usually 
focussed on details of the construction program includ- 
ing detailed construction plans to ensure that the pro- 
ject runs efficiently and is completed on schedule and 
within budget. Environmental issues should also be 
considered during this pre-construction planning, 
including any outstanding flora and fauna surveys 
required to be undertaken prior to clearing of vegeta- 
tion, preparation of detailed plans for vegetation 
removal, strategies to reduce wildlife mortality during 
construction and what to do if threatened species are 
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found during construction. Inadequate pre-construction 
planning will inevitably lead to costly mistakes and 
missed opportunities to improve the ecological out- 
come of a road project. 

All major projects should employ dedicated environ- 
mental staff to be involved in all aspects of the project. 
Environmental staff may be employed directly by the 
contractor or seconded from elsewhere, but they must 
maintain high standards and be open to inspection and 
review. The environmental staff should educate the 
planning and construction personnel as early as possi- 
ble about the ecological issues and why environmental 
protection is required. It is the responsibility of the 
public authority/client to develop ways to ensure the 
contractor is considering the environment on projects 
without environmental staff. One approach is through 
contractual measures or key performance indicators, 
which should be considered even on projects with envi- 
ronmental staff. Contractual conditions may include a 
requirement to document all construction planning 
sessions that must consider environmental constraints 
and issues; or enforce the requirement of a vegetation 
clearing limit that cannot be exceeded. There could 
also be a profit bonus scheme to reward the contractor 
for good performance; such as for clearing less vegeta- 
tion than the contractual limit. 


8.2 A pre-construction review of road and 
mitigation designs is important to assess 
constructability and identify opportunities 
for improvement 


A review of designs by the construction team during 
pre-construction planning to assess constructability is 
an important review over and above those conducted 
during planning and design. If a mitigation measure 
cannot be constructed (e.g. materials not available or 
too expensive) or if an opportunity for improvement 
(e.g. modified design or materials to be used, inclusion 
of additional mitigation measures) is missed, the out- 
come may be more expensive and/or less effective. In 
all design modifications, the species expert should be 
consulted to ensure the new design is still suitable for 
the target species. 

This pre-construction review should be undertaken 
by a team with experience in construction and who 
also understand the intent of the design, such as an 
environmental manager or species expert. The intent 
of traditional design elements, such as bridges, drain- 
age culverts or pavements is readily understood by 
engineers; however, they may not understand the 


intent of a wildlife crossing structure, and just build it 
as it is designed. For example, the construction of a 
canopy bridge (Chapters 40 and 41) is relatively easy, 
and the supervising engineer and construction team 
just need to follow the detailed plans. However, they 
may not understand the importance of ensuring that 
the ends of the canopy bridge need to be in close prox- 
imity to trees for it to be effective. Similarly, a low-flow 
channel in the base of a culvert for fish passage is easily 
built (Chapters 44 and 45); however, the engineer may 
not be aware of the critical importance of the scour 
protection at the inlet and outlet at facilitating or 
impeding fish passage. 

Cross-discipline checks are also required to ensure 
that there are no clashes among different design ele- 
ments, which may reduce effectiveness of the mitiga- 
tion measure or compromise another aspect. For 
example, the location and entrances of wildlife cross- 
ing structures should not conflict with other infra- 
structure such as fences, drains, retention ponds, 
utilities, adjacent roads, as well as satisfy road safety 
requirements. 


8.3 Clearing of vegetation must be carefully 
planned and strictly monitored 


Most road projects invariably remove vegetation, rock 
and other features that provide habitat for wildlife. Pre- 
clearing vegetation surveys occur immediately (i.e. 
weeks or months) before clearing, and can help identify 
important habitat features, such as large hollow-bearing 
trees, coarse woody debris or snags and riffle pools in 
waterways. These assets can then be protected in situ or 
collected and stored to be reinstated after construction. 
Pre-clearing fauna surveys should occur days (or even 
months) before clearing to ensure wildlife have vacated 
the area and are not killed during clearing. These surveys 
will also inform whether wildlife rescue personnel or 
translocations are required to protect individuals. For 
example, tree clearing could follow a two-stage process, 
where trees without hollows are cleared on day 1, and 
trees with hollows the following day, on the basis that 
hollow-dependent fauna will move after the disturbance 
of the initial clearing. For some species, the only viable 
option is to trap and translocate because any clearing of 
habitat will result in mortality. 

Monitoring of clearing methods and limits is impor- 
tant because excessive clearing or removal of critical 
elements may reduce the effectiveness of mitigation. 
For example, tall trees may encourage bats to fly above 
traffic, and the removal of these may result in increased 
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rates of mortality (Chapter 34). Similarly, careless 
clearing may destroy hollow logs and other habitat fea- 
tures that were to be stored and used in the landscape 
rehabilitation after construction. Consequently, effec- 
tiveness of mitigation may be reduced while vegetation 
grows and habitat components may need to be 
imported to the project or elements of the road or miti- 
gation may need to be redesigned. 


8.4 Early installation and regular 
maintenance of fauna exclusion fences 
can help to reduce wildlife mortality during 
construction 


Mortality of wildlife during construction does occur, 
although reliable records are rarely kept because the 
focus is on construction, not wildlife. While rates of 
mortality are probably generally low because of the 
disturbance and removal of vegetation, any additional 
mortality of rare or endangered species could be sig- 
nificant and should be avoided. 

Consideration should be given to installing per- 
manent fencing as early as possible in the project 
to exclude animals from the construction zone 
(Chapter 20). Temporary fencing may be useful on pro- 
jects without permanent exclusion fencing or if the 
exclusion fencing can’t be built until later. It is impor- 
tant to ensure the road design is sufficiently finalised 
before installing permanent fences to avoid costly 
removal and re-installation or relocation of the fence. 
Exclusion fencing may also need to be installed on 
adjacent roads if animals are displaced from the main 
construction site. Targeted fencing around specific 
habitat elements, such as wetlands, may be necessary 
if these occur within the right of way. Regular inspec- 
tion and repair of exclusion fencing during construc- 
tion is essential (Chapter 20). 

Existing structures such as bridges and culverts that 
are to be removed or impacted by the construction pro- 
cess should be carefully inspected for birds and bats and 
other species that may be roosting in or on the struc- 
ture (Chapters 33 and 34). Approaches to deal with 
these situations must be developed well in advance of 
the structure being impacted and be accounted for in 
any contractual milestones. Methods to minimise 
impacts include conducting works outside the period 
of use by the species (e.g. for migratory species or dur- 
ing breeding) or excluding access by wildlife to the 
structure during construction. However, the impacts 
of permanently or temporarily restricting access by 
wildlife to a roost must also be considered. 


8.5 Early construction of fauna mitigation 
measures can minimise impacts and allow 
adaptation of designs if required 


Where possible, always install and finalise permanent 
wildlife crossing structures as early as possible. 
Underpasses and overpasses for wildlife are usually 
installed during the bulk earth works stage of a project 
but are rarely properly finished until the landscaping 
stage at the conclusion of a project. Depending on pro- 
ject size, this may result in an ineffective crossing struc- 
ture for 12-24 months during construction, plus as 
long as it takes for animals to habituate and use the 
structure (Chapter 21). Greater effort should be made 
to landscape and finish the crossing structure more 
quickly, giving wildlife the opportunity to find and use 
the structure before the road is opened to traffic. If 
exclusion fencing has also been installed, the crossing 
structure may be immediately effective for some 
species. 

Early installation of crossing structures and other 
mitigation measures also allows opportunity to rapidly 
and cost-efficiently repair or modify structures during 
construction. For example, disturbance from construc- 
tion within or around waterways can affect the in- 
stream environment through erosion and increased 
turbidity (Chapter 44). Similarly, recently constructed 
crossings and fish habitat such as log riffles, riffle pools 
and plunge pools are also susceptible to in-stream 
erosion, potentially killing fish and invertebrates and 
creating barriers to movement (Chapter 45). Early 
installation means that if erosion does occur, repairs 
and remediation work is more easily undertaken 
because the necessary earth-moving machinery is still 
on-site. Modifications to the design of mitigation meas- 
ures made during construction will be cheaper and 
easier, while machinery and personnel are still nearby 
than after the project has been completed. 


8.6 Effectiveness of mitigation can be 
reduced if the quality of the finishing is 
inadequate 


The effectiveness of crossing structures and other miti- 
gation measures is often dependent on the ‘attention to 
detail’ displayed by the construction team when 
completing a project. Because the finishing of mitiga- 
tion measures usually occurs at the end of a project, 
construction teams are often already disbanding and 
moving onto new jobs. In these circumstances, the 
momentum and enthusiasm to finish the project to a 
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high standard may have waned (especially if the infra- 
structure has already been officially opened), and it 
may not be completed as well as originally envisaged. 
This is particularly problematic if contractual arrange- 
ments did not specify the minutiae of the logs, rocks, 
branches and plantings to be installed within and 
around crossing structures, because it is difficult to 
hold construction teams accountable. The reloca- 
tion of machinery and personnel to other jobs also 
complicates the repair of major landscaping mistakes 
(Lesson 8.5). However, construction firms are often 
contractually obliged to repair structural defects in the 
road for a period of time after construction, and similar 
conditions should be built into contracts for mitigation 
measures. 

On-going monitoring and supervision of the con- 
struction of mitigation measures is essential to identify 
and resolve any issues (or opportunities for improve- 
ments) as quickly as possible. In addition, a final 
inspection is necessary to ensure it is built as designed 
and intended (Chapter 9) and finished to a high 
standard. 


8.7 Appropriate education targeted at the 
needs of different construction personnel 
can help to achieve the best ecological 
outcomes 


Education and engagement of the planning, design and 
construction teams is critical to the success of a project 
and the innovation and support for future projects. 
While it is not critical that every construction team 
member understands the specifics about why an under- 
pass for a frog is a certain design or that the approach 
ramp on a land bridge can’t exceed a certain angle, it is 
helpful for them to have a general understanding. 
Education on a construction site can be challenging 
because of the range of different types of people with 
varying levels of education, personalities and opinions. 
Education does not need to be extensive or intensive, and 
the project or site induction is a good starting point. 
However, the often significant amount of safety infor- 
mation that is presented during site inductions can limit 
the amount of environmental information that can be 
effectively delivered. Consequently, other approaches, 


such as the use of targeted information sessions or 
‘toolbox’ meetings for specific groups of personnel can 
be used to deliver key messages. The use of information 
posters in the lunch room or site toilets is an effective 
approach, provided they are well designed and changed 
periodically (similar to road signs, Chapter 24). 
Educational material should be based on interesting, 
factual information and avoid negative phrasing (i.e. 
avoid ‘Don’t do this’ or “You will be fined or sent to jail if 
you do...’). In the hyper-masculine environment of 
many construction sites, the use of negative language to 
reinforce a point can have the opposite effect and create 
an apathetic or adversarial (e.g. “You can’t tell me what 
to do’) response. 

Mitigation measures are often perceived as a waste 
of money by many construction team members, and 
education should include examples of the mitigation 
measures being used by the targeted species on other 
projects. Similarly, demonstrating that certain mitiga- 
tion measures are cost-effective and that society can 
save money through reductions in the rate of wildlife- 
vehicle collision and human death, injury and prop- 
erty repair can be a powerful message. This can often 
negate the concerns of whether the mitigation meas- 
ures work, and can assist in building the commitment 
of the construction team in installing the mitigation 
measures as per the design, and to ensure their 
effectiveness. 


CONCLUSION 


The construction stage of a road project is typically the 
final opportunity to build major structural elements on 
a road, at least until the next major upgrade or repair. 
Well-designed and properly built roads may not require 
any significant construction for 20-50 or more years. 
Therefore, mitigation measures should be built and fin- 
ished to the highest possible standard to ensure long- 
term effectiveness. The construction stage is also often 
the final opportunity to cost-effectively identify oppor- 
tunities and make any improvements. Appropriate 
education targeted at the needs of different construc- 
tion personnel is an essential step in ensuring the miti- 
gation is built to the highest possible standard and to 
engender a process of innovation for future projects. 
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SUMMARY 


Roads are built by a team of people from a range of disciplines who must collaborate to ensure the road is 
built within budget, on time and to the highest possible standards with the least environmental impact. 
Ecologists, and especially those with expertise on the species of concern likely to be impacted by the proposed 
road, must be involved in the early planning stages of the project and throughout the process. 

9.1 Road planning, design, construction and operation is a truly collaborative process. 

9.2 Engage ecologists and biologists with expertise on the ecosystems or species of concern at the ear- 
liest planning stages to ensure the best outcome for biodiversity. 

9.3 Large-scale or expensive mitigation measures need to be identified during the route selection process 
so that costs and benefits can be properly evaluated. 

9.4 Clearly define the ecological goals of the mitigation. 

9.5 Mitigation measures need to be identified during the planning or early design stages to prevent 
unnecessary costs. 

9.6 Misinterpretation of concepts and designs can (and often do) occur at each stage in a road project. 
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9.7 Ensure that species or ecosystem experts continue to be included in each design and construction 
stage of a project to ensure the effectiveness of mitigation measures. 

Genuine collaboration among road planners, engineers, designers, construction teams and ecologists is 
essential. Without it, roads may be built in poor locations, and mitigation measures are likely to be ineffective, 
financially wasteful and fail to protect species from local extinction. 


INTRODUCTION 


All road projects have an environmental or ecological 
impact and can affect wildlife. Road projects can be 
lengthy and involve a convoluted process (Chapter 4), 
with planning and design stages usually taking longer 
than the construction itself. It is important to assess the 
potential ecological impacts as early as possible to 
ensure effective outcomes. There are numerous 
approaches to this assessment (Chapters 5, 6 and 13), 
ranging from quick, desk-based analyses to in-depth, 
long-term field assessments. The important point is 
that the potential impacts on wildlife need to be 
assessed at an early stage to ensure the road project is 
as ecologically sustainable as possible. 

The aim of this chapter is to bring insights from the 
perspective of the ecologist to the planning and design 
teams to help ensure that roads and mitigation meas- 
ures are designed as intended, built as designed and 
operated effectively. 


LESSONS 


9.1 Road planning, design, construction 
and operation is a truly collaborative 
process 


Many individuals and teams are involved in the delivery 
of a road project. While it may appear adversarial, most 
team members are keen to see the best outcome for the 
road, the community and the environment. Engineers 
and planners are willing to be creative with designs and 
solutions, but ecologists must recognise that supervisors 
and decision-makers need to give the designers permis- 
sion to spend time and money developing specifications 
outside the standard menus. Accommodating wildlife 
and habitat is not likely to be considered unless man- 
dated by regulation or formal agreement which is a 
result of public sentiment and government policy. 
Ecologists must communicate the needs of wildlife to 
engineers and planners, but should be mindful of the 
constraints that engineers and planners work under. 


Similarly, planners and engineers should remember 
that ecologists may be unable to talk in absolutes (e.g. 
specifying standard dimensions for crossing struc- 
tures) because the environment is highly variable, and 
there is still much to learn about the impacts of roads 
and the effectiveness of mitigation on different 
wildlife. 

It is the responsibility of all involved in the project 
to recognise where and when expert input is required. 
One opportunity often missed is the inclusion of 
maintenance engineers during design (Chapter 17) 
to develop crossing structures that can be maintained 
in an efficient and cost-effective manner. Consultant 
planners and designers need to alert their clients 
(typically road agencies) of the need to bring in ecolo- 
gists and species experts at the earliest possible stage 
and retain them throughout the design process. 
Attempting to lower expenses by engaging ecologists 
who are not experts in the ecosystems or species of 
concern will typically result in incorrect assessments 
of ecological impacts and ineffective mitigation 
measures, as illustrated by the examples given in this 
chapter. Genuine collaboration will help to ensure 
that the roads we build today are as ecologically sus- 
tainable as possible. 


9.2 Engage ecologists and biologists with 
expertise on the ecosystems or species of 
concern at the earliest planning stages to 
ensure the best outcome for biodiversity 


The best outcomes are usually achieved when ecolo- 
gists and biologists with expertise in the ecosystems or 
species of concern are brought into the project at the 
earliest possible stages (Fig. 4.1). Species and ecosys- 
tem experts often identify issues earlier than general 
ecologists, including identifying specific impacts, key 
habitats to be avoided and the methods of mitigation 
most likely to be effective (e.g. the number, type, size 
and location of crossing structures). 

The ability to add or modify a mitigation measure (or 
modify the location or design of the road) decreases as 
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the project approaches delivery (Fig. 4.1). Mitigation 
strategies added or modified later in the process attract 
additional costs and may be less effective than those 
included earlier (Lesson 9.3). While early input from 
species experts is easier, cheaper and more effective, 
road agencies should remain willing to incorporate 
design modifications at any stage where evidence of a 
significant benefit exists. 


9.3 Large-scale or expensive mitigation 
measures need to be identified during the 
route selection process so that costs and 
benefits can be properly evaluated 


It is very difficult to convince a road agency to include 
an expensive mitigation option that is not in the origi- 
nal budget, after the funding has been approved and 
obtained. The planning and early design stages of a 
road usually include an assessment of alternative road 
alignments. The scope of this ‘route-selection’ varies 
depending on the size of the project and the sensitivity 
of the areas the road traverses. An important element 
of this decision is the extent and expense of mitigation 
measures required for each option. Preliminary 
environmental analysis should be used during the 
route selection phase to estimate the extent and need 
for mitigation measures and their indicative costs, 
rather than leaving this until the detailed design stage 
when the footprint of the road has been precisely estab- 
lished. The early use of this information provides better 
outcomes at a lower cost. 


9.4 Clearly define the ecological goals of 
the mitigation 


Mitigation measures are installed because (i) an exist- 
ing road negatively impacts wildlife or (ii) an assess- 
ment for a proposed road has identified that it will likely 
have a negative impact on wildlife. It is important to 
clearly define the ecological goals involved in this pro- 
cess, and Textbox 16.1 explains the specific, measura- 
ble, achievable, realistic and time-framed (SMART) 
approach to goal setting. General goals, such as ‘restore 
connectivity’ or ‘reduce mortality’ are suitable for 
high-level, strategic plans or possibly the early plan- 
ning stages of a proposed road, but not the EIA or 
detailed planning documents for specific projects. 
Sufficient support to include mitigation measures in 
projects is more likely when the specifics of the prob- 
lem and detailed goals for mitigation are given. 


The planning concepts will also be improved when the 
target species and goals for mitigation are clearly artic- 
ulated. This will also provide a benchmark against 
which proposals made during construction to alter the 
design of the road or mitigation can be assessed. 


9.5 Mitigation measures need to be 
identified during the planning or early 
design stages to prevent unnecessary costs 


The plans for a road project become more detailed as 
the project progresses, with every feature carefully 
designed and positioned. For example, requesting a 
culvert be moved 100 m from its proposed location to a 
better location after the design stage has finished or 
construction has commenced, is likely to be very 
expensive (Chapter 4). Thousands of cubic metres of 
fill may be required to raise the road for hundreds of 
meters either side of the new location for the culvert. If 
construction has already commenced, the extra fill 
may need to be sourced from outside the project 
because the cut and fill balance for the highway has 
already been met. Nevertheless, any concerns about 
any aspect of the design of the road or mitigation 
should be raised at any stage of the project. The 
decision-making process will include some form of 
cost-benefit analysis and if possible, a positive outcome 
can be achieved. 


9.6 Misinterpretation of concepts and 
designs can (and often do) occur at each 
stage in a road project 


Well-managed projects will encourage input by experts 
from a range of disciplines (e.g. ecologists, hydrologists, 
landscape architects and engineers) at the relevant and 
appropriate stages. Textbox 9.1 illustrates the potential 
for miscommunication associated with the number of 
people and steps typically involved in the process of con- 
structing a new road or reconstructing an existing 
road. 

Unfortunately, this is not an isolated or exaggerated 
example (Figs 9.1 and 9.2). At each stage in the pro- 
ject, different people are involved in designing, refining 
and providing input to the project and while most 
changes are intended as improvements, at times no 
thought is given to the ecological consequences. 
Compounding matters, the costs to retrofit or modify 
mitigation measures are so prohibitive that funds are 
seldom available to correct such errors. 
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Textbox 9.1 The errors and misunderstandings that led to the construction of an ineffective 
land bridge. 


In the early planning stages of the process, a species expert, planner and an engineer may spend a few hours 
together brainstorming about design ideas for an overpass to facilitate safe crossings by an endangered species. 
The ecologist admits that they know all about the movement patterns of the species within intact forest, but 
knows little about how the species may behave near major highways, and more importantly, whether they will 
even use a vegetated land bridge. Nevertheless, the ecologist suggests some important design principles (based 
on the biology and ecology of the target species) to the engineer, who then creates a conceptual design for the 
overpass. The initial concept design then goes to the detailed-design team, who incorporate the concept into the 
road design and determines the best place (from a construction perspective, rather than an ecological one) where 
the overpass should be located. A landscape architect may also get involved deciding aesthetic issues, including 
the selection of shrubs (which may or may not encourage use by the target species) along the highway verge that 
seamlessly integrates with plantings on the overpass. Following construction, the species expert visits the much 
anticipated land bridge, only to find that the overpass looks nothing like what they envisioned when they spoke with 
the planners and engineers a couple of years earlier. The overpass, poorly located and inappropriately vegetated 
for ecological purposes is largely ineffective and the threatened species has become locally extinct. 


9.7 Ensure that species or ecosystem 
experts continue to be included in each 
design and construction stage of a project to 
ensure the effectiveness of mitigation 
measures 


Transportation professionals who are untrained in 
wildlife ecology cannot be expected to account for 
all of the wildlife-related issues that arise during 
the design and construction of mitigation measures. 


Numerous manuals on designing wildlife mitigation 
measures have been published in recent years 
(Chapter 59), but non-ecologists should not be 
expected to apply them appropriately to a project 
any more than drainage engineers, for example, 
should be expected to apply structural or pavement 
standards. Most of these wildlife manuals are not 
standard-based, but rather guidance-based from a 
relatively recent and rapidly developing body of 
literature, research and experience. They are also 
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Figure 9.1 The concrete shelf and elevated poles designed to facilitate crossings by small to medium-sized and arboreal 
mammals in this wildlife underpass are less effective (and possibly ineffective) because they have not been connected to the 


surrounding habitat. Source: Photograph by R. van der Ree. 
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Figure 9.2 Due to relatively minor modifications, mistakes or misunderstandings during design and construction, the three 
drainage culverts remain dry during rainfall events and the wildlife underpass is flooded. Source: Photograph by and 


reproduced with permission of Scott Watson. 


usually written from the perspective of a certain 
region. 

Just as species and ecosystem experts need to be 
included in the earliest planning stages, they also need 
to be included in the earliest design stages. A common 
procedure in design is for successive iterations of plans 
to be circulated among the various engineering 
disciplines for review. Whilst it is important to have 
species and ecosystem experts participate in these 
reviews, a formal review—comment-response proce- 
dure is usually too cumbersome to allow the adjusting 
of standard engineering designs to the unfamiliar 
needs of wildlife. For example, in a standard review 
procedure, the species or ecosystem expert might 
identify a problem in one discipline, which is corrected 
in the next round of plans. In the subsequent review, a 
different discipline may identify a new issue or suggest 
changes that in turn creates a different problem 
(Lesson 8.2). As highlighted in Textbox 9.1, there are 
many opportunities for seemingly small or insignifi- 
cant changes in designs to compound in the construc- 
tion stage and result in an ineffective mitigation 
measure. 

In the state of Florida, USA, a task team approach 
was used to put a project back on track after some 
design issues around mitigation measures could not be 
resolved during the review of plans. The ‘Wildlife 


Crossing Design Team’ included roadway, structures 
and drainage engineers from the design department, 
engineers from the maintenance, construction and 
conceptual design teams, and an experienced wildlife 
ecologist. All the members of the team met together 
with the design project manager to discuss early 
concept sketches before any detailed plans were drafted. 
With all the specialists in the same room, unintended 
consequences of design alternatives and suggested 
changes from any of the specialists were identified and 
addressed immediately. Issues that had stalled in for- 
mal reviews of plans over months were resolved in one 
or two meetings and a few e-mail exchanges. 

Another opportunity for error exists in the formal 
review of a project by a team of engineers which has 
not been involved in the project design (known in the 
United States as ‘value engineering’). This ‘fresh look’ 
often results in significant cost savings and improved 
designs, but it also requires careful scrutiny by species 
and ecosystem experts because wildlife mitigation 
measures are usually the least understood aspects of 
a road project, and they may be targeted for inappro- 
priate reductions or alterations. Similarly, construction 
teams may suggest cost-saving measures and may 
respond to unexpected site conditions by modifying 
the design or slightly re-positioning structures. Any 
single large modification or numerous small ones, not 
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approved by the species or ecosystem expert, may ren- 
der a mitigation measure ineffective. 

Experienced transportation ecologists should be 
consulted when a design brief or scope of works to out- 
source any stage of the design process is being written 
by the transportation agency. Contract writers and 
estimators at the agency may misinterpret the details 
or requirements of the EIA or other planning docu- 
ments. If time and money is not budgeted for collabora- 
tion with species and ecosystem experts, the designers 
are already starting on the wrong foot, potentially 
leading to contractual arguments and ineffective miti- 
gation measures. One solution may be to include a 
caveat in the scope of works or design brief to allow the 
adaptive design of mitigation measures, specifying that 
the road agency will pay for the design of fauna mitiga- 
tion measures using a different model (e.g. a schedule 
of rates, rather than a lump sum). 


CONCLUSIONS 


Relative to the operational life of a road, there is only a 
small window of time to influence its location and design. 
In addition, the high costs associated with retrofitting 


existing roads mean that the most cost-effective time to 
install a mitigation structure is when the road is being 
built or upgraded. Species and ecosystem experts need 
to be involved with road projects at the earliest possi- 
ble stages of the planning process and continue to be 
involved throughout the development of detailed 
construction plans and until project completion. This 
will ensure the potential impacts of the new infrastruc- 
ture on the ecosystem or species of concern are properly 
identified and quantified and that (i) the road avoids 
areas of high-quality habitat or populations of threat- 
ened species; (ii) the road includes the most effective miti- 
gation techniques placed in optimal locations; (iii) the 
mitigation measures are built as originally envisaged; 
and (iv) the completed road has the lowest possible 
impact on the ecosystem or species of concern. 
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SUMMARY 


Scientifically rigorous research that produces accurate information is required to identify and mitigate the 
negative impacts of roads and traffic on wildlife, communities and ecosystems. The current approach to 
road planning and construction is not conducive to doing good science or incorporating explicit learning 
in the road development process. This typically results in inadequate information about road impacts, 
and poor-quality monitoring that rarely answers relevant questions about mitigation effectiveness, often 
leads to equivocal outcomes and does not improve ‘best practice’ as it potentially could and should. With 
some improvements and more experiments with roads and mitigation measures, the planning, design, 
construction and management of roads and road impacts could be significantly enhanced. 

10.1 Rigorous science is essential to assess, avoid, minimise, mitigate and offset the impacts of roads and 
traffic. 

10.2 Effective monitoring is an essential tool in road ecology. 

10.3 Getting the question right is a critical first step in research and monitoring. 

10.4 Study design matters. 

10.5 Monitoring should be seen as an integral and valuable part of road projects. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
Companion website: www.wiley.com\go\vanderree\roadecology 


71 


72 Handbook of road ecology 


10.6 Experiments investigating road impacts and mitigation effectiveness are an important way forward 


in road ecology and better management of roads. 


10.7 Research and monitoring should be strategically planned and coordinated across jurisdictional 


boundaries. 


10.8 The data and findings need to be accessible to relevant user groups, e.g. scientists, planner, and 


decision-makers, ideally also the public. 

A diverse suite of people are involved in the planning, design, construction, and maintenance of roads and 
other linear infrastructure, and they all require reliable and accurate information to make decisions — not just 
about a particular location, but knowledge about ecological patterns and ecological relationships. Rigorous 
research, experiments and meaningful monitoring are urgently required to ensure linear infrastructure is 
ecologically sensitive and mitigation is effective ecologically and in terms of costs. 


INTRODUCTION 


Decisions in environmental management should be 
based on the best available scientific evidence and 
adopt ethical precautionary principles when dealing 
with uncertainties that remain. In road ecology, the 
scientific method has been used since 1925 (Stoner 
1925) to document the impacts of roads and traffic 
on wildlife, and it is clear that roads have significant 
negative effects on species, communities and ecosys- 
tems (e.g. Forman et al. 2003; other chapters in this 
book). Options to avoid or mitigate these negative 
effects are numerous and have been widely imple- 
mented around the world, especially in Europe and 
North America. Over the past 25 years, studies have 
demonstrated that wildlife will use crossing struc- 
tures to safely traverse roads (Chapter 21) and that 
fences can reduce animal mortality due to wildlife— 
vehicle collisions (WVC) and funnel wildlife towards 
crossing structures (Chapter 20). Evidence of the 
severity of the impacts and efficacy of mitigation 
originates from numerous sources with widely vary- 
ing levels of scientific rigour, from well-designed and 
replicated observational studies and experiments 
(e.g. Clevenger & Waltho 2000; McClure et al. 2013) 
to groups of local citizens collecting incidental road- 
kill data (Chapters 60 and 62). All types of data from 
a range of sources have value, and our current 
knowledge of impacts and mitigation originates 
from these contributions. 

Good decisions require good information, and 
poorly designed or executed research and monitoring 
run the risk of providing incomplete or incorrect 
information (Legg & Nagy 2006). In this chapter, we 


highlight why research and monitoring must be sci- 
entifically rigorous in order to fully understand the 
impacts of roads and traffic and achieve effective 
mitigation. We propose a series of changes that will 
significantly improve the quality and breadth of our 
understanding and also promote a mindset of con- 
tinual improvement in road-impact assessment and 
mitigation. 

The terms ‘research’ and ‘monitoring’ are often used 
interchangeably, but in this chapter, we attribute 
specific meanings. Research is broadly defined as the 
systematic collection and analysis of information to 
increase our understanding of a topic or issue. 
Research can be conducted over a range of temporal 
and spatial scales using a variety of techniques. 
Monitoring is a specific form of research and involves 
the repeated measuring of certain variables, usually 
over an extended period of time (e.g. years or decades). 
Experiments, which are used in both research and 
monitoring, use manipulation and testing under 
controlled conditions to understand the causal rela- 
tionships between two or more variables. The types of 
questions posed in research and monitoring are often 
different. Research could be used to quantify the 
impacts of street lighting on wildlife or to decide how 
many crossing structures are required along a pro- 
posed road, while monitoring would be used to assess 
the effectiveness of those crossing structures over 
time. The collection of data to determine the fre- 
quency and locations of WVC and the variables that 
influence this rate and the locations could be research 
or monitoring, depending on how the study is carried 
out. Monitoring is further explained in Lesson 10.2 
and experiments in Lesson 10.6. 
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LESSONS 


10.1 Rigorous science is essential to 
assess, avoid, minimise, mitigate and 
offset the impacts of roads and traffic 


Road ecology research has three main foci that are fun- 
damental to the day-to-day needs of transportation 
agencies: (i) what are the (likely) impacts of the (pro- 
posed) road and/or traffic on an individual, population, 
community or ecosystem; (ii) what are the best strategies 
to avoid those impacts; and (iii) what is the effectiveness 
of mitigation and offsets (Chapters 7 and 16)? Well- 
designed and executed research and monitoring have 
already provided answers to many important questions 
in road ecology, but many more remain unanswered. 
Many of these questions that require further research 
have been identified in other chapters of this book. 
High-quality research can be expensive and logistically 
challenging to achieve, and this partially explains why 
many studies of mitigation efficacy were poorly designed 
(van der Ree et al. 2007). Nevertheless, the benefits of 
investing in high-quality research programmes are 
numerous and include: 
e Findings are more likely to be correct, complete and 
reliable. 
e Results can be more confidently extrapolated to other 
locations, species or ecosystems. 
e The impacts of roads and traffic can be properly 
quantified, and effective strategies to avoid, mitigate 
and offset impacts can be comprehensively identified. 
e Based on good data, we can gain general insights, 
discover regularities and develop theories that can be 
tested by other studies. 
e Mitigation can be modified to ensure it is ecologically 
effective and cost-efficient. 
Therefore, if we use poor-quality research to identify 
impacts and to develop and assess methods to avoid, 
mitigate and offset impacts, we may draw incorrect or 
incomplete conclusions resulting in a decline in biodi- 
versity and inappropriate use of public investments. 


10.2 Effective monitoring is an essential 
tool in road ecology 


Monitoring is the periodic ‘recording of the condition of 
a feature of interest to detect or measure compliance 
with a predetermined standard’ (Hellawell 1991). In 
road ecology, most monitoring is commissioned by road 
agencies to assess the ecological impacts of a road (e.g. 
wildlife mortality or barrier effects) or the efficacy of 
mitigation. If we already knew the impacts of a proposed 


construction project or the effectiveness of mitigation, 
such conditions of approval would not be imposed. 
Unfortunately, and contrary to the original expectations 
and intentions, it turns out that it has often been a waste 
of time and money because it does not provide reliable 
or broadly useful information (Legg & Nagy 2006; 
Lindenmayer & Likens 2010). This is the case for much 
monitoring in conservation biology, because (Legg & 
Nagy 2006; Lindenmayer & Likens 2010): 

e The goals or questions are poorly conceived and/or 
articulated. 

* There is no hypothesis or theory specified to be tested. 
* The survey design is inadequate, for example, the 
necessary comparisons cannot be made to make rele- 
vant inferences. 

* The wrong data is collected, or the data is of poor qual- 
ity because it is inconsistently or incorrectly collected. 

° The study has insufficient statistical power to detect 
a relevant change. 

e Foradiverse suite of reasons, the monitoring programme 
is not finished properly. 

e Insufficient funds or support is provided by the 
commissioning client. 

However, these issues can be overcome when moni- 
toring is valued and executed properly. There are three 
different types of monitoring, albeit with some overlap: 
(i) curiosity or passive monitoring (monitoring devoid of 
specific questions, lacking an experimental design and 
often done out of inquisitiveness); (ii) mandated moni- 
toring (monitoring that has been stipulated by govern- 
ment legislation or directive); and (iii) question-driven 
monitoring (monitoring guided by a conceptual model 
and rigorous experimental design) (Lindenmayer & 
Likens 2010). All types of monitoring are undertaken in 
road ecology; however, the majority is mandated by the 
permitting agency as a condition of approval for the 
project. Unfortunately, mandated monitoring is often 
under-resourced and not taken seriously such that the 
opportunity to maximise the information learned from 
each monitoring programme is lost. To prevent such fail- 
ure, good ‘monitoring needs questions, an experimental 
design, a conceptual framework, and data integrity 
through repeatable application of appropriate field pro- 
tocols’ (Lindenmayer & Likens 2010: p. 3). 


10.3 Getting the question right is a critical 
first step in research and monitoring 


It is beyond the scope of this chapter to fully identify 
and detail all the steps to undertake scientifically robust 
research and monitoring (but see further readings for 
additional information). An important first step is to 
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formulate the question(s) to be addressed by the study. 
Road ecology is an applied discipline and questions 
must be based on the needs of road planners, decision- 
makers and managers. However, there is a fine balance 
between questions that are so directly applied (to a single 
project) that they have little application outside the 
specific problem, and questions that are so general that 
they fail to provide any practical or applied informa- 
tion. Road agencies typically invest in research and 
monitoring that are limited to the very specific needs of 
a particular project (e.g. Fig. 10.1A). Where possible, 
research and monitoring should strive to be broadly 
applicable and generalisable (i.e. Fig. 10.1C). In other 
words, studies should be designed to answer bigger 
questions than simply: ‘Does organism X cross the road 
at location Y?’ or ‘What is the rate of wildlife mortality 
due to WVC at location Z?’ These simple questions are 
not wrong, but with a little extra thought and resources, 
the same research could provide information relevant to 
different species, landscapes, roads and road projects, 
that is, to reveal patterns or regularities such as relation- 
ships between wildlife response and characteristics of 
mitigation structures (Fig. 10.1C). Explicitly stating the 
questions helps to ensure that the study design and the 
data collected will be sufficient to answer the ques- 
tions. For example, the inclusion of multiple roads in a 
study of WVC will allow the identification of factors 
influencing rates of roadkill, which can then be applied 


to non-studied roads. Similarly, assessing rates of cross- 
ing by wildlife through various types of culverts along 
different roads or landscapes will identify patterns in 
rates of crossing and some of the factors influencing 
those patterns, for example, different designs and place- 
ment of culverts. In both examples, road agencies will 
collect the specific information they need, as well as help 
them to gain a more complete understanding of the 
impacts of roads and the effectiveness of mitigation. 
This may reduce the need to ‘re-do’ the same study else- 
where, thereby saving significant amounts of money. 
Doing more monitoring than the mandated mini- 
mum will be more expensive on a per-project basis, 
but in the medium- and long-term, the cost savings 
could be significant because the same monitoring 
does not need to be undertaken at every project. For 
example, including extra study sites (i.e. crossing 
structures and/or roads) in the monitoring will pro- 
vide more reliable data on rates of use as well as the 
factors that influence use, which can then potentially 
be extrapolated to other sites (i.e. Fig. 10.1C). If an 
expanded monitoring programme demonstrated 
effectiveness (see Chapter 16 on how to define SMART 
goals to measure effectiveness) of a certain mitigation 
measure, it may not need to be monitored again. The 
alternative method, which would typically be the cur- 
rent approach, would be to conduct separate (and 
potentially inadequate) monitoring programmes on 


(A) (B) (C) 
A 
b 2 3 
5 5 5 
2 2 2 
ra X £ © X 
> > > 


Crossing structure size 


Crossing structure size 


Crossing structure size 


Figure 10.1 The relationship between the number of data points and the depth of understanding. In this hypothetical 
example, the rate of use of a crossing structure by wildlife has been monitored over time. In (A), the question was, ‘How often 
does species X use the structure?’ (a typical road agency question), and a single data point has been collected which cannot be 
extrapolated or generalised to other locations. In (B), the question is slightly broader, and three crossing structures have been 
monitored, but because the sample size is still insufficient, one might conclude that very large crossing structures will always 
perform better than smaller ones. With sufficient replication and a sufficient range of the independent variable covered (C), the 
data show that there is a threshold in the benefit of increasing the size of a crossing structure, beyond which the higher cost of 
larger structures would not be justified. Such a study has rarely been done, but a noteworthy example is Pfister et al. (1999). 


Source: Reproduced with permission from Rytwinski et al. (2015). 
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each road project (i.e. Fig. 10.1A and B), with the 
overall cost to the agency multiplied by the number of 
projects. Regulatory agencies should also become 
involved by increasing the standard of their man- 
dated monitoring. 

While study questions can be simple (e.g. How often/ 
at what rate does species X use this underpass?), we rec- 
ommend that they be broadened and made more useful 
by testing a hypothesised regularity or theory. This does 
not need to be an ‘all-encompassing, grand theory’ of 
road ecology — but could be quite simple. If we think 
that size, substrate type and amount of vegetation at 
the entrances of crossing structures are important 
variables influencing the rate of use, we should explic- 
itly attempt to incorporate these factors into the study 
question. Other predictions about the effect of charac- 
teristics of species or road and landscape conditions on 
the vulnerability of species to road impacts (e.g. Jaeger 
et al. 2005; Fahrig & Rytwinski 2009) could also be 
explicitly tested as part of the monitoring programme. 
By identifying and testing a theory, even simple theories 
or hypothesised relationships, the results of the research 
and monitoring can be more readily used to inform 
environmental impact assessments (EIAs) and road 
placement and design elsewhere. 


10.4 Study design matters 


The inability of science to strongly influence the loca- 
tion and design of new roads in the last decades has 
been attributed, in part, to alack of research that directly 
answers practical questions posed by road agencies and 
because much research that has been done has low 
inferential strength (Roedenbeck et al. 2007). Assuming 
the question is right (Lesson 10.3), the next major chal- 
lenge is getting the study design right. 

There are two main considerations to study design: 
study class and type (Roedenbeck et al. 2007). Study 
class relates to whether the study is manipulative 
or non-manipulative. In manipulative studies, the 
researcher has control over the variable of interest and 
the response to manipulating it is measured. Non- 
manipulative studies (sometimes called observational 
or natural experiments) occur when the researcher 
takes advantage of changes that have happened (by 
using existing data) or are about to happen (by taking 
measurements, i.e. making observations) to under- 
stand its effect. Most studies in road ecology are non- 
manipulative because they measure a response to the 
construction of a new road or mitigation, but 


the researcher has very little, if any, control over any of 
the variables of interest, such as the size or placement 
of a crossing structure. While it may be argued that the 
construction of a road or mitigation is a manipulation (by 
the road agency), and therefore an experiment in some 
sense, the monitoring is technically non-manipulative 
because the researcher had no control over the design. 
The engineers and planners decided on the design of 
the road or crossing structure for reasons unrelated to 
study design considerations, and the researcher must 
monitor what was built. These are also sometimes 
called pseudo-experiments. In contrast, if the 
researcher was engaged at the design stage of a road 
project, they could experimentally modify a design 
parameter to investigate its effect and thus perform a 
manipulative experiment. 

The strongest type of study is one in which data 
are collected Before and After the Impact (e.g. road 
construction or installation of mitigation), at sites 
where the Impact has occurred and at Control sites 
which have not been affected by the impact (Fig. 10.2). 
This study design is referred to as a BACI design and 
provides the highest level of inferential strength, 
which is a measure of the ability of the study to fully 
answer the research question. If well conducted (e.g. 
adequate replication, sufficient before data collected), 
the information from BACI studies can also be used to 
inform road planning and design decisions. 

Depending on the question, the impacts of con- 
struction activities can be assessed by also taking 
measurements During construction (i.e. BDACI) 
(Fig. 10.2). Other study types include CI, where 
measurements are taken after the road has been con- 
structed (or a manipulation has occurred) at Control 
and Impact sites, or BA, where measurements are 
taken Before and After at impact sites only. The defi- 
nition of a control site will vary depending on the 
question and may include road-free areas, areas with 
narrow or low-traffic-volume roads, unmitigated 
roads or unmodified mitigation measures (e.g. see 
first point in Textbox 10.1). 

In all types of study designs, an important considera- 
tion is the need for replication of sites. The natural 
environment is inherently variable (see scatter of plots in 
Fig. 10.1C), and having multiple control and impact sites 
will help to account for random variation among sites, 
that is, to distinguish between the natural variation and 
the effect of the variable of interest, for example, size of 
the wildlife passage (Chapter 16). When selecting 
study sites, it is important to avoid introducing bias 
into the design. There are a number of approaches to 
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This BDACI-design answers the question, whether mitigation measures help restore a viable population after the 
road has already been affecting it for some time. When leaving out the ‘during’-sampling, the BACI-design is aimed 
at determining whether new roads that are built with mitigation measures in place have a smaller effect on the 
population of interest than roads that are built without mitigation measures. 
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Figure 10.2 Three possible study designs to answer the question ‘What is the effectiveness of road mitigation?’ Study class 
could be manipulative or non-manipulative. Study types are before(—during)—after-control-impact (BDACI), before(—during)— 
after (BDA) and control-impact (CI). The dots and arrows symbolise animals moving in the landscape and across the overpass, 
respectively. Source: Roedenbeck et al. 2007. 
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Textbox 10.1 Incorporating manipulative experiments in road ecology. 


The range of potential experiments in road ecology are 
numerous and encompass quantifying impacts, as 
well as developing strategies to avoid, mitigate and 
offset impacts (see also Rytwinski et al. 2015). 
Hypothetical examples are as follows: 
e Problem: 20 underpasses were installed under a 
highway, and use by small mammals is too low. 
Typical solution: Place logs in all underpasses to 
provide shelter and encourage movement. 
Experimental solution: Hypothesis is that small 
mammals need cover. Test this hypothesis by plac- 
ing logs which provide cover in 10 randomly selected 
underpasses, and leave the remaining 10 structures 
unmodified as controls. Compare the rate of use by 
small mammals between the two treatments, as well 
as before and after the placement of logs. 
Result: Rate of use in the 10 treated underpasses 
quadruples and does not change in untreated 
underpasses. 
Conclusion: Logs are critical to the movement of 
small mammals and should be included in all future 
mitigation programmes. 
e Problem: Bat activity near a 15km-long section of 
road is low. 
Typical solution: Provide offset habitat away from 
the road. 
Experimental solution: Hypothesis is that street 
lights are the primary cause of reduced bat activity, 
not increased mortality because traffic volume at 


achieve this, including selecting sites at random (e.g. 
simple, cluster, stratified) or systematically. For example, 
a study evaluating if land bridges are more effective 
than culverts at facilitating wildlife movement will 
automatically be biased because land bridges are typi- 
cally built where the road is in a cutting or at ground 
level, while culverts are more frequently installed 
where the road is already elevated (e.g. over drainage 
lines) and because a different suite of species of wildlife 
will occupy drainage versus upslope areas. One solu- 
tion to this problem is to use experiments that explicitly 
identify and attempt to control this bias (Lesson 10.6, 
Textbox 10.1). 

Well-replicated BACI designs may not always be pos- 
sible (see limitations discussed in Roedenbeck et al. 
(2007)). However, regulatory and road agencies 
should always strive to ensure the studies and monitor- 
ing programmes they demand are conducted to the 
highest possible scientific standard. 


night is low. Test hypothesis by modifying lighting 
(e.g. changing globes, turning off, modifying housing) 
in sections of road 2km in length, with identical 
unmodified sections as controls. 
Result: No difference in bat activity before or after 
the treatment or between treated sections. 
Conclusion: Lighting is not the primary cause of the 
decline near this road. 

e Problem: An endangered species of bird does not 

cross a road through a protected area. 
Typical solution: Build crossing structure or provide 
offset habitat. 
Experimental solution: Hypothesis is that traffic volume 
is the cause. Test hypothesis by periodically diverting 
traffic (e.g. 1 week open, 1 week closed) onto an alter- 
native road outside the protected area, and measure 
rate of crossing by birds. Compare rates of crossing 
before and after at both the treated road and other 
nearby roads and in roadless areas using a design 
similar to that used by McClure et al. (2013) (Fig. 10.3). 
Result: Rate of crossing by birds at closed road is 
equal to rate of crossing the same distance in road- 
less area (i.e. a no-road control), and crossing 
ceases when road is open to traffic. 
Conclusion: Traffic, and not the clearing or paved 
surface, is responsible for the barrier effect in this 
species of bird. To facilitate connectivity to allow for 
dispersal and gene flow, periodically close road to 
allow crossing, especially during dispersal periods. 


10.5 Monitoring should be seen as an 
integral and valuable part of road projects 


Unfortunately, monitoring typically happens at the 
end of a project, and it is often underfunded, under- 
supervised and poorly designed and therefore is 
unable to achieve what was specified in the condi- 
tions of approval. Instead, monitoring has been 
undertaken and is checked off on the list of duties, 
but the outcomes for improved understanding and 
knowledge are unclear. Rather, monitoring should be 
a collaboration between road agencies and research- 
ers and be integrated into all stages of a road project, 
not just the last task before the project is finalised. 
Specifically, the need for post-construction monitoring 
and the questions to be answered should be identified 
at the earliest stages of a project to develop useful and 
important questions, establish an appropriate study 
design, secure sufficient funding and collect any 
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necessary before data (Chapters 9, 15 and 16). 
Depending on the question, this may require several 
years of data collection before construction of the 
road or mitigation begins. Obviously, once construc- 
tion begins, it is impossible to collect before data (see 
Chapter 14 for possible exceptions). 

To improve research and monitoring, road agencies 
should engage staff with scientific training and under- 
standing to supervise and collaborate on research 
projects. It is unrealistic to expect all regional or 
project-based staff to understand the intricacies of 
study design and statistical analysis and to be able to 
prepare sensible project briefs and adequately super- 
vise research projects. Simple common mistakes include 
(i) awarding contracts to the cheapest bidder (often 
with inadequate sample size and insufficient statisti- 
cal power of their study) and/or those with an inap- 
propriate study design or techniques; and (ii)awarding 
the ‘before’ and ‘after’ phases of monitoring to different 
contractors which means that any change observed (or 
not) could be a result of the project or the change in 
personnel (Ginevan & Splitstone 2004). While it is pref- 
erable that these staff be employed by the road agency, 
they can also be engaged from elsewhere (e.g. natural 
resource agencies, universities). Similar limitations 
also hamper EIA for other types of projects and could 
be significantly improved (Ginevan & Splitstone 2004; 
Chapter 5). 


10.6 Experiments investigating road 
impacts and mitigation effectiveness 
are an important way forward in road 
ecology and better management of roads 


An experiment is a systematic approach to understand- 
ing how something works. It is systematic because we 
formulate hypotheses (or develop an understanding) of 
how something operates and then take measurements 
to determine which hypothesis was correct. Experiments 
can be opportunistic-testing the effect of natural or 
unpredictable disturbances (e.g. fire, flood), or designed- 
assessing the impact of a known or predictable distur- 
bance (e.g. road construction, mitigation, tidal 
inundation). As explained in Lesson 10.4, research and 
monitoring can be manipulative or non-manipulative. 
For example, a simple manipulative experiment recently 
tested if the avoidance of roads by birds was due to traf- 
fic noise by propagating roadway sounds through 
speakers within a roadless area used as a stopover dur- 
ing migration (McClure et al. 2013; Fig. 10.3). Other 
confounding variables were either eliminated (i.e. vis- 
ual disturbance of vehicles, pollution, habitat changes 
due to proximity of the road) or held constant (i.e. the 
timing, duration and intensity of roadway sound) at 
their impact site. The study concluded that many 
migratory birds avoided the stopover area due to noise. 
The conclusion from this experiment is 


Figure 10.3 (A) Experimental set-up and background noise levels during the ‘noise-on’ phase of a manipulative experiment 
to test the effect of road noise on birds. The solid black line is a 500 m-long ‘phantom road’ (no paving, no traffic, just the 
loudspeakers) in a roadless area where migrating birds stop over in Idaho, United States. Road noise (higher db denoted in red, 
lower in blue) was propagated through 15 pairs of speakers (B, not shown on map) in 4-day intervals from 04:30 to 21:00, 
and the occurrence of birds was measured in the treatment areas (red squares) and control plots (green circles). Bird 
abundance was, on average, 22% lower at treatment plots and 12% higher at control plots, between noise-on and noise-off 
periods. Source: (A) Reproduced with permission of Christopher McClure and (B) Photograph by and reproduced with 


permission of Christopher McClure. 
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groundbreaking — for the first time, there is unequivocal 
data that noise is responsible (but not necessarily solely 
so) for the road-effect zone for birds. 

However, most studies in road ecology are non- 
manipulative, where we collect data to investigate the 
effect of a disturbance that has happened or we know is 
about to happen, without modifying any of the param- 
eters for the sake of improving the experiment. 

The best monitoring programmes also involve an 
experiment, where confounding variables are removed 
or held constant while the parameter of interest is varied. 
For example, planners often ask about the minimum size 
of crossing structures to achieve a certain level of con- 
nectivity. If the experimental monitoring was incorpo- 
rated into the mitigation, the size of the structure could 
be varied to see how the rate of use is affected. For exam- 
ple, underpass size could be experimentally varied by 
adding and removing a false wall or ceiling to existing 
structures. Depending on the question and the scale of 
the experiment, it may be necessary to explicitly incorpo- 
rate the experiment into the design of the road or mitiga- 
tion. For example, if 10 waterways of approximately 
equal size need to be crossed, and both a culvert and 
extended bridge would satisfy hydrological requirements, 
then half could be crossed with a bridge and the remain- 
der with a culvert (Fig. 10.4) (or a bridge but its width 
would be temporarily reduced by the researchers). This 
example is ‘experimenting with mitigation’, because the 
mitigation explicitly sets out to test how the structure 
type affects the rate of use. The study would randomly 
allocate treatments to the pool of available sites and col- 
lect data before and after the treatment, as well as at con- 
trol and impact sites. Control sites in this example are 
bridges whose sizes are not experimentally reduced. 


(A) 


10.7 Research and monitoring should 
be strategically planned and coordinated 
across jurisdictional boundaries 


It is not possible to conduct well-designed BACI experi- 
ments or monitoring programmes on every project. 
Therefore, road agencies need to take a regional and 
coordinated approach to research and monitoring (e.g. 
Fraser et al. 2013). Road agencies usually operate 
within state or provincial boundaries and with smaller 
planning divisions, complicating the ability to commu- 
nicate effectively across jurisdictional boundaries. If 
research and monitoring were centrally managed, it 
would be easier to coordinate research projects to 
increase the quality of the study design and increase 
sample size (and avoid duplication of research projects 
that cannot be compared to each other because their 
study design differs too much). With this approach, 
road agencies could more easily pool money for 
research across a number of projects and plan more 
comprehensive monitoring programmes that achieve 
far-superior outcomes. If each region or project contin- 
ues to manage their own projects independently, they 
are not taking advantage of the potential benefits of 
pooling funds and study sites to achieve a more robust 
study design. The employment of a ‘research and mon- 
itoring coordinator’ or group that operates at a state, 
national or international level will allow road agencies 
to combine multiple projects that span across jurisdic- 
tional boundaries and infrastructure types (e.g. road 
and rail) or are completed at different times into a 
single study by ensuring the same methods are 
adopted. This approach is increasingly being employed, 
even on a global scale, called ‘coordinated distributed 


(B) 


Figure 10.4 Experimenting with mitigation — a controlled, manipulative experiment to compare the use by wildlife of 
bridges (indicated with yellow trucks) versus culverts (red trucks) as detailed in (A). On a new road project, culverts and 
bridges are installed alternately (B), and the rate of use by wildlife can be measured and compared. Source: Reproduced 


with permission of Zoe Metherell. 
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experiments’ (Fraser et al. 2013). With this approach, 
studies are conducted across the world, and because 
they all use standardised and controlled protocols, the 
meta-analyses (Lesson 10.8) are much more powerful 
and lead to greater insights. 


10.8 The data and findings need to 
be accessible to relevant user groups 
e.g. scientists, planners and decision- 
makers, ideally also the public 


Large-scale and cross-jurisdictional studies are not 
always feasible. Nevertheless, the data and a descrip- 
tion of the theory being tested, the conceptual frame- 
work and methods must be accessible to planners, 
designers and researchers to facilitate meta-analyses 
and systematic reviews of existing data (Arnqvist & 
Wooster 1995; Pullin & Stewart 2006) to identify 
trends and develop theories (e.g. Fahrig & Rytwinski 
2009). Data from earlier studies can also be added to 
current projects to increase the number of replicates or 
data points. For this to occur, road agencies must stipu- 
late as a contractual agreement that the raw data, with 
the necessary metadata to describe it, be made availa- 
ble to relevant user groups within a certain period of 
time after the project has been completed. The number 
of publications in peer-reviewed scientific journals is a 
significant measure of a researcher’s productivity, and 
researchers should be given sufficient time to publish 
their work, without unduly limiting the ability of oth- 
ers to use the data in a meta-analysis. 

Unfortunately, many studies and EIAs remain on 
shelves or on computer hard drives and, as time pro- 
gresses, become increasingly difficult to find and access. 
Consequently, the opportunity to learn from previous 
experiences is not capitalised. National or international 
databases with information about impacts, mitigation 
measures, monitoring programmes and results would be 
invaluable when designing future studies (to identify 
appropriate sites) and when conducting meta-analyses. 
These databases could be managed by the existing national 
or international road ecology networks (Chapter 61). 


CONCLUSIONS 


Road ecology is an applied discipline focusing on quanti- 
fying and mitigating the negative ecological effects of 
roads and traffic and other linear infrastructure. Research 
and monitoring have often been perceived by transport 
agencies as a hindrance to the core business of building 


and managing the infrastructure, but this perception 
should be corrected to realise the potential gains in knowl- 
edge, performance and cost savings from coordinated 
experimental research projects. The future of road ecol- 
ogy requires a greater level of genuine collaboration 
among those planning, designing, building and main- 
taining the infrastructure and those who conduct 
research and monitoring. For this to succeed, transporta- 
tion agencies must adopt the mantra of incorporating 
best-practice science, including experiments, into best- 
practice mitigation. In addition, researchers must become 
more engaged with transportation agencies to design and 
undertake high-quality research and monitoring that 
provide practical and applied information that has rele- 
vance beyond the immediate question or problem. 
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FURTHER READING 


Fraser et al. (2013): A review of the increasing role for coordi- 
nated distributed experiments in ecology, where standardised 
methods and controlled protocols allow for much stronger 
meta-analyses and hence insights into the impacts of roads 
and traffic and the effectiveness of mitigation. 

van der Grift et al. (2013): Guidelines to measure the effective- 
ness of wildlife crossing structures and other forms of road 
mitigation for wildlife. 

Lindenmayer and Likens (2010): A detailed and readable 
book about the challenges of conducting meaningful moni- 
toring and how to ensure that monitoring projects deliver 
the most reliable information and do not become a waste of 
time and money. 

Roedenbeck et al. (2007): A detailed description of the types 
of questions relevant to road ecology and the study designs 
that are available to answer those questions. 
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SUMMARY 


Our understanding of the ecological impacts of roads and traffic, and indeed other linear infrastructure 
such as railways and utility easements, has burgeoned in the past two decades. These ecological effects are 
numerous and diverse and can extend for many kilometres beyond the road itself. The suite of survey tech- 
niques and study designs to quantify these effects is broad, and there are a number of important steps or key 
points to help ensure the results of surveys are reliable, collected in a cost-efficient manner, explanatory and 
inform management. 

11.1 Formulating and articulating the research and monitoring questions is essential to designing rele- 
vant field surveys. 

11.2 Locate and use existing studies and data whenever possible. 

11.3 Study parameters are influenced by a number of interrelated and potentially competing demands. 
11.4 Local- and landscape-level data are typically both necessary to comprehensively evaluate road 
impacts on wildlife. 

11.5 There are many survey techniques available, and each has inherent biases, strengths and 
weaknesses. 

11.6 Ensure high standards for the collection, management, analysis and reporting of data. 

11.7 Several housekeeping issues are important for a successful study including personnel and resource 
management, funding and budgets, obtaining the necessary permits and legal obligations. 

Despite increased knowledge, there are still many ecosystems and species for which we know little about 
their specific or general responses to roads and/or mitigation measures. Hence, there remains an urgent need 
for high-quality studies that tackle relevant questions and knowledge gaps. Making use of existing data and 
identifying the best and most appropriate methods for the collection of new data are essential to this endeavour. 
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INTRODUCTION 


Monitoring and data collection are essential to 
avoiding, minimising, mitigating and offsetting the 
negative environmental effects of roads and traffic. 
The scale of studies is broad, and can range from 
short to long term, single or multiple roads, and may 
occur on old, new or proposed roads. In all cases, 
success is enhanced when a structured process is fol- 
lowed: (i) formulate appropriate research questions 
and study objectives; (ii) locate and use valid and 
reliable existing data; (iii) construct an effective 
study design and identify target species; (iv) select 
best methods for data collection; (v) analyse data 
using appropriate techniques; and (vi) publish the 
results and data. 

Environmental impact assessments (EIAs; Chapters 
6, 7 and 10) for many road projects typically involve 
data collection during the pre-construction phase to 
assess the likely ecological impacts of the proposed 
road. In contrast, most research or monitoring 
projects that quantify the impacts of existing roads or 
the success of mitigation are usually mandated as a 
condition of approval for a project or are initiated 
and conducted more independently, such as by 
academics, citizen scientists or governments, but 
outside the approval process for a major project. 
Impact studies encompass a range of methods and 
approaches, including (i) roadkill surveys; (ii) analy- 
ses of animal movements, such as road avoidance, 
barrier effect and increased overlapping of home 
ranges; (iii) population-level studies that assess 
population size or density, survival rates, sex ratios 
and reproductive output; and (iv) species occurrence 
and distribution. These studies occur at a range of 
spatial scales, from a single section of road to many 
roads. Most typically address effects on individual 
animals and occasionally populations, and recent 
reviews have recommended that studies need to 
be broadened to encompass communities, ecosys- 
tems and ecosystem processes (van der Ree et al. 
2011; Chapter 10). The aims of this chapter are to 
highlight some important concepts and steps associ- 
ated with field surveys and to identify and describe 
the range of field methods, including their pros and 
cons, to help road agencies and practitioners select 
the best field methods for the job. This chapter should 
be read in conjunction with Chapters 10 and 12-16, 
which provide more specific and critical informa- 
tion about study design considerations and apply- 
ing research methods to evaluate the success of 
mitigation. 


LESSONS 


11.1 Formulating and articulating the 
research and monitoring questions is 
essential to designing relevant field 
surveys 


The process of formulating the questions to be 
answered in research and monitoring is critically 
important. Lesson 10.3 explains how questions need to 
be explicitly stated to ensure the design and methods 
used to answer it are appropriate. It also highlighted 
that the questions posed by road agencies are often 
very species or location centric and that many benefits 
and cost savings would arise if questions were made 
broader to test ecological theories or hypotheses. We 
reiterate aspects of Lesson 10.3 and Chapter 10 here 
because they are fundamental to doing field-based 
research and monitoring. The two broad categories of 
field research in road ecology are related to (ii) actual 
or proposed road projects and (ii) general ecological 
research on the impacts of roads and traffic or 
effectiveness of mitigation — although the distinction 
between these two categories is often blurred. The 
research conducted for actual or proposed road pro- 
jects is typically focused on: 

e Identifying the species likely to be impacted by a road 
project and the type and severity of those impacts, 
often as part of an EIA (Chapters 5 and 6); 

* Designing the mitigation strategy, including the type 
and location of mitigation required; 

* Quantifying the success of mitigation (Chapters 15 
and 16); 

e Species that are rare or threatened, high profile or 
large enough to threaten human life if involved in 
wildlife-vehicle collision (WVC); 

General ecological research is often broader than that 
associated with road projects and includes: 

* A broad range of species, not necessarily rare, threat- 
ened or high profile; 

e Multiple sites spread over large geographic areas; 

e A greater focus on testing ecological theories and 
hypothesised regularities; 

e Sometimes manipulative/experimental (see Chapter 10). 
Identifying the key research questions is necessary to 
develop a set of objectives and choose appropriate sur- 
vey methods. Identifying the knowns and unknowns 
within the study area narrows the focus of the ques- 
tions and simplifies the data collection and analysis. To 
effectively evaluate the unknowns, the questions 
should be phrased as measurable or testable objectives 
or hypotheses. 
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11.2 Locate and use existing studies and 
data whenever possible 


Before collecting new information, it is important to 
obtain any pre-existing studies or data on the study 
area and actual (or similar) species of interest and 
assess its usefulness. As explained in Lesson 10.8, the 
data and findings from research and monitoring need 
to be accessible, and with a bit of luck, there may be 
sufficient existing data to fully answer the question and 
no further fieldwork is required, thereby avoiding a 
duplication of effort. However, the most likely scenario 
is that the existing data will need (i) extra synthesis or 
analysis; (ii) can be used to inform the design of the 
new study; or (iii) provide additional data points to 
improve the conclusions that can be drawn (i.e. 
Fig. 10.1). The benefits of this approach are numerous, 
not the least of which are the potential cost savings 
and the improved reliability and accuracy of findings. 

Useful studies and data are often difficult to find, 
principally because many road agencies do not 
require data or findings to be published. Their pri- 
mary focus is to complete the impact study and keep 
the road project moving forward. Even when a rele- 
vant study is found, it may only contain summary 
information and the actual data may be hard to access 
or use (often due to incompatible data formats, copy- 
right or intellectual property constraints or user 
restrictions). Relevant local data on wildlife move- 
ment and roadkill data are typically more difficult to 
find than regional- or landscape-scale data (e.g. biodi- 
versity atlas data, land use, roads, hydrology, topogra- 
phy), and such Geographic Information System (GIS) 
data is often available online. Even so, site- and 
species-specific studies are increasingly more accessi- 
ble through road agency websites, proceedings of 
road ecology conferences (Chapter 61), email and 
online discussion groups and internet searches of sci- 
entific literature. 


11.3 Study parameters are influenced by a 
number of interrelated and potentially 
competing demands 


If fieldwork is required, the next step is to design the 
study. Clearly beyond the scope of this single lesson, 
key decisions focus on (i) study class (manipulative or 
non-manipulative; Lesson 10.4); (ii) study type (i.e. 
BACI, CI, BA; Lesson 10.4); (iii) survey methods (Lesson 
11.5); (iv) study duration; and (v) target species (Lesson 
16.1). It is important to reconsider the original 


question or hypothesis as each decision is being made 
to ensure the study remains relevant. Road agencies 
should collaborate with ecologists to ensure their 
questions and hypotheses address the specific problem 
or issue while remaining as broad and generally appli- 
cable as possible. 

Key decisions on study design affect the scope of 
the project and breadth of species examined. The 
scope is defined by its spatial and temporal limits, 
which affects the amount of resources required to 
undertake the study. Spatial considerations include 
(i) the length and width of the existing (or proposed) 
road; (ii) landscape context; and (iii) variability in the 
amount, type and quality of adjacent habitat and the 
size of the road-effect zone (Fig. 1.1). Determining 
the relative value of different land use/vegetation 
types can narrow the focus of the study, eliminating 
the need to evaluate areas with little to no value as 
habitat for the target species. The timing of surveys 
should take into account the likely movements 
of the target species to maximise detectability. 
These movements may be predictable for species 
that migrate seasonally such as some amphibians 
(Chapter 31) or large ungulates (Chapters 42 and 56) 
or are active at certain times of the day (e.g. nocturnal 
species). The movements of other species are less 
predictable, such as nomadic species whose move- 
ments are triggered by rainfall or food availability. 
Selection of the species for study can be affected by its 
legal status, profile and risk to motorists (Chapters 15 
and 16) and may include multiple species. Ideally, the 
species should represent those most impacted by the 
road, but this is not always possible (Lesson 16.1). 
The species selected for study will have a significant 
bearing on the types of data sought and methods of 
collection (Lesson 15.5). 


11.4 Local- and landscape-level data are 
typically both necessary to comprehensively 
evaluate road impacts on wildlife 


The suitability of an area as habitat for a species is 
influenced by local- and landscape-level variables, and 
data from both spatial scales are usually required to 
evaluate the direct and indirect effects of roads and traf- 
fic. Relevant local-scale factors include (i) biological data, 
for example, vegetation type and extent, habitat quality, 
species—habitat associations and predator-prey effects; 
(ii) physical data, for example, terrain, soil characteristics 
and water quality and quantity; and (iii) environmental 
attributes, for example, microclimate, lighting and noise 
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levels. Landscape-scale data includes land cover/use, 
road-network configuration, soils, geology, topography 
and hydrology, and can often be sourced from maps and 
other publications, with digital data relatively easy to 
manipulate and analyse with GIS and mathematical 
models (Chapter 13). Roadway features include road 
width, surface type and number of lanes, as well as right- 
of-way characteristics, traffic speed and volume includ- 
ing seasonal and daily cycles, and any mitigation 
measures (Chapters 20 and 21). 


11.5 There are many survey techniques 
available, and each has inherent biases, 
strengths and weaknesses 


A wide range of methods have been used to assess the 
impacts of roads and traffic on wildlife (Table 11.1), 
and their suitability for different species and situations 
varies (Table 15.1). Numerous publications detail the 
application of these methods (e.g. NRC 2005; Silvy 
2012; ‘Further Reading’). Each method has its limita- 
tions and biases, and using multiple techniques will 
increase the precision and quality of information col- 
lected. In this lesson, we summarise the methods most 
commonly used to assess road impacts. 

Roadkill surveys record the number, location and 
species of wildlife that are killed on the road due to 
wildlife-vehicle collisions (WVC) and are frequently 
used to identify locations of unsuccessful crossing 
attempts by wildlife, especially for those species that are 
easily detected after WVC (Fig. 11.1). If the landscape, 
road and traffic data are also collected at each WVC, the 
influence of these factors on collision rates can be iden- 
tified and predictive roadkill hotspot models built (e.g. 
Santos et al. 2013; Chapter 13). Factors to consider 
include mode of survey (i.e. driving or walking), timing 
and frequency of surveys, study duration and observer 
safety (Clevenger et al. 2003; Chapter 12). Driving 
allows surveyors to cover more road length, but faster 
travel speeds will reduce the detectability of small ani- 
mals (Lesson 54.3). Walking allows for more thorough 
detection but reduces the length of road that can rea- 
sonably be surveyed. Safety issues for both the observers 
and motorists must be considered, such as traffic speed 
and volume at the time of the survey, observer visibility 
to oncoming vehicles and verge width. Detecting sea- 
sonal differences would require sampling across multi- 
ple seasons. If only a limited survey period is practical, 
then surveys should be conducted when the target spe- 
cies are most active and likely to encounter roads, such 
as during migration, breeding or dispersal. Chapters 12 


and 54 discuss specific considerations of roadkill sur- 
veys such as the removal of roadkill by scavengers, sur- 
vey timing, frequency and duration, and Chapter 13 
discusses techniques to analyse roadkill data. However, 
roadkill surveys do not identify locations of successful 
road crossings (see Textbox 35.1) nor where crossings 
are not being attempted (Seiler 2004; Coffin 2007). 
Also, roadkill data is not useful (except for predictive 
modelling; Chapter 13) in cases involving the siting of a 
new road corridor. 

Surveying animal tracks on the roadside is a 
simple method that provides data on the location and 
frequency of successful and aborted attempts by wild- 
life to cross roads (e.g. Alexander et al. 2005), the 
direction of their movements and the location of sites 
for mitigation (e.g. Manley et al. 2004; Alexander 
2008; Smith 2012). It can also be complementary to 
roadkill surveys on the same stretch of road and is par- 
ticularly applicable when significant lengths of road 
(i.e. many kilometres; Smith 2006) are being evalu- 
ated. Track imprints, usually footprints, enable quanti- 
fication of crossing frequency at the species or species 
group level but are not useful in identifying particular 
individuals (e.g. Smith 2006). Track beds, made up of 
naturally occurring substrates (Fig. 11.2.A) or specially 
laid tracking plots (Fig. 15.1), are set up parallel to and 
as close to the road as possible (Smith 2006; Hardy & 
Huijser 2007). Suitable materials for recording track 
imprints include snow, sand, gypsum or other soft, 
smooth substrates; the best soils are loamy (i.e. a blend 
of mostly sand and silt and less clay) that hold imprints 
under wet and dry conditions. Local environmental 
conditions affect imprint quality and persistence, and 
rain, floods, snow and wind can erase tracks (Fig. 15.3B) 
— frequent inspections may be necessary. For short- 
term assessments (e.g. a few months or less), three or 
more times per week may be warranted, while inspec- 
tions once or twice weekly may be adequate for long- 
term (one or more years) studies. Training is necessary 
to identify tracks and the method can be labour inten- 
sive. Vegetation regrowth in the plot can be a mainte- 
nance problem and may require periodic tilling or 
herbicide. If many kilometres of road are being moni- 
tored, it can be costly to prepare and maintain. 

Camera traps automatically detect and record 
wildlife and are deployed for variable periods of time in 
the field, usually weeks to months (Fig. 11.3). Most 
cameras use sensors that are triggered by animal 
movement or body heat and record photographs or 
short videos. When used in combination with track 
and roadkill surveys, camera traps can be used to iden- 
tify the location and frequency of successful and 
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igure 11.1 Roadkill black bear being recorded, including its sex, age, GPS coordinates, location on road, lane direction, date 


and time. Source: Photograph by D.J. Smith. 


Figure 11. 


unsuccessful road crossings (Smith 2012). Camera 
traps are commonly used to monitor wildlife crossing 
structures and other mitigation (Chapter 15). They are 
also useful in determining population density of large 
mammals (Carbone et al. 2001; Rowcliffe et al. 2008). 
In India, camera traps were used to show that chital, 
gaur and elephants avoided roads with high traffic den- 
sity (Gubbi et al. 2012). Further, video cameras can 
reveal behavioural response of individual animals 
when approaching or crossing roads (Clevenger & 
Huijser 2011). Unique markings can help identify 


2 (A) Preparation of a track bed parallel to the road using naturally occurring soil. The track bed should be wide 
enough to ensure the target species will leave several footprints when crossing. (B) Red wolf imprint. Source: Photographs by 
DJ. Smith. 


specific individuals (Mendoza et al. 2011; O’Connell 
et al. 2011) or sex/age classes (Soanes et al. in review); 
otherwise, photographs only provide data to the species 
or genus level. Cameras can now be deployed for long 
periods of time without checking or maintaining them, 
especially if solar powered and when using a mobile 
phone network to transmit images to an office. In com- 
parison to track surveys, camera traps were more pre- 
cise in species identification, whereas track surveys 
were more beneficial for quick surveys on a limited 
budget (Lyra-Jorge et al. 2008). Limitations of this 
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Figure 11.3 (A) Trail camera attached to guardrail and (B) Florida panther photographed on a camera trap crossing the road 


at night. Source: Photographs by D.J. Smith. 


technology include the short functional range of the 
sensor (maximum 30m) and limited ability to detect 
animals that are small and slow moving or whose 
external body temperature is similar to ambient; 
however, camera trap technology is continually 
improving. Given the limited range of the sensors, 
camera trap surveys can be costly when applied over 
many kilometres of roads because many cameras are 
needed. Large numbers of images, including false trig- 
gers, may be generated, and the cost of staff time to 
download and review images needs to be considered — 
however, volunteers or automated systems may reduce 
these costs. Theft and vandalism can also be a signifi- 
cant problem and may require special precautions at 
additional expense. 

Wildlife census is a general term describing a variety 
of techniques used to enumerate populations, and 
numerous books have been written about this (e.g. 
Sutherland 2006; Silvy 2012). A census can be obser- 
vational, where researchers are able to identify species 
and enumerate the population with minimal interfer- 
ence to the wildlife (e.g. bird counts, spotlighting, 
camera trapping, aerial surveys, hair tubing), or inter- 
ventional, where researchers physically capture and 
handle or otherwise disturb the wildlife during the pro- 
cess (e.g. most trapping techniques). For species that are 
readily visible or vocal and easily recognised (e.g. birds), 
observational methods are applicable. Interventional 
methods (Fig. 11.4) are more applicable for species that 
are cryptic and difficult to detect (e.g. amphibians, small 
mammals) or if additional information is required. 

In road-impact studies, these methods are primarily 
used to census populations (e.g. species abundance and 


diversity) and evaluate road avoidance and crossing 
frequency. For instance, observational surveys showed 
that the occurrence of particular species of breeding 
birds was lower near busy roads, which was attributed 
to impacts of traffic noise (Reijnen & Foppen 2006). 
The arrangement of survey points along the road and 
at control plots is determined by the specific question or 
aims of the study, and survey points may be distributed 
randomly, stratified or uniformly along a transect or 
grid (Sutherland 2006; Smith et al. 2015a). 

While observational techniques reduce the amount 
of stress on individual animals, they typically provide 
less data on the age, sex and health of individual 
animals than trapping techniques. Capture-mark— 
recapture involves marking individuals for later recog- 
nition if recaptured or resighted, which is valuable for 
estimating population size or density, recruitment, sur- 
vival and potentially relocation (Sutherland 2006; 
Silvy 2012). Markings can be temporary or permanent 
(e.g. leg bands, ear tags, tattoos or microchips), and the 
choice of method depends on the target species and 
duration of the study. In trapping studies, special con- 
sideration should be given to animal care and welfare, 
marking techniques, capture efficiency of different 
trap types and frequency of trap inspections (Willson & 
Gibbons 2009; Silvy 2012). Baiting is often used in 
trapping surveys but may introduce bias into the data 
set by providing attractive food sources (Sutherland 
2006). Trapping is usually more labour intensive and 
costly than observational techniques. 

Animal tracking includes a range of sophisticated 
and simple techniques to detect animal movements 
and use of space. Radio-tracking involves fitting 
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(A) (B) 


i 


Figure 11.4 Examples of common interventional methods for surveying wildlife: (A) drift fence and trapping array for 
capturing small vertebrates, (B) funnel trap with eastern diamondback rattlesnake, (C) pitfall trap with barking tree frog, 
(D) bobcat in live cage trap, 


individual animals with a radio transmitter, often on a 
collar around their neck, glued to their skin or shell or 
surgically implanted (Figs. 11.5 B, C, D and 38.1) and 
then tracked using a radio receiver. Tracking can be 
done on foot (Fig. 11.5A), from a vehicle or aircraft or 
via stationary towers, and animals can be located via 
triangulation or by homing in (White & Garrott 1990). 
Radio-tracking is used to describe (i) home range size 
and shape; (ii) habitat preferences; (iii) movement 
paths; and (iv) distances and routes travelled for forag- 
ing, dispersal and migration (Manley et al. 2004; Silvy 
2012). Depending on which individuals within a popu- 
lation are tracked, this information can refer to the 
whole population or specific age or sex classes (Silvy 


2012). In road-impact studies, they can also locate 
potential and actual road crossings as well as avoidance 
behaviour (Chapter 36; Rouse et al. 2011). For example, 
telemetry studies demonstrated one species of snake and 
two turtle species crossed roads less often than expected 
by chance (Shepard et al. 2008). Numerous telemetry 
studies have examined movement patterns of animals in 
relation to roads (e.g. Rondinini & Doncaster 2002; 
Tigas et al. 2002; Dickson et al. 2005; Chapter 36). This 
information is valuable in not only assessing impacts but 
also for identifying locations for mitigation. 

The two most common tracking devices are very- 
high-frequency (VHF) radio transmitters and Global 
Positioning System (GPS) satellite transmitters (Fig. 11.5). 


Figure 11.4 (Continued) (E) harp trap to catch insectivorous bats, (F) insectivorous bat in harp trap, (G) hair tube to collect 
hair samples and (H) Elliott trap on a bracket to catch small arboreal mammals. Source: (A, B, C and D) Photographs by 
D.J. Smith and (E, F, G and H) Photographs by R. van der Ree. 


VHF equipment is relatively inexpensive but requires inten- 
sive field monitoring. GPS equipment is more costly upfront 
but automated and programmable and can employ remote 
data collection options (Guthrie 2012). The quality of the 
data from both systems is affected by the strength of the 
transmitter, precision of the antenna and receiver, 
frequency at which locations or fixes are collected and user 
error (Silvy 2012). To estimate movement pathways or 


road-crossing locations, fixes must be collected frequently, 
which may be at 15 minute intervals or less, depending on 
the speed of the target species (Dickson et al. 2005). When 
describing animal home ranges, fixes can be collected less 
frequently, such as daily or weekly. Transmitter lifespan is 
dependent on battery size and signal pulse rate (i.e. the 
number of pulses per minute). Transmitters for small bats 
often have a battery life of just 10 days, compared to many 
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Figure 11.5 Examples of animal tracking methods and equipment: (A) field technician using a radio-telemetry receiver and 
antenna to locate an animal’s transmitter signal, (B) gopher tortoise with glue-on radio transmitter, (C) common brushtail 
possum under sedation being fitted with VHF transmitter and (D) black bear with GPS collar recovering from anaesthesia at 
release. Source: (A, B) Photographs by D.J. Smith, (C) Photograph by R. van der Ree and (D) Photograph by and used with 


permission of Mike Orlando.. 


years for larger animals. This limits the long-term study 
potential on smaller animals without frequent recaptures, 
which is difficult for some species and more stressful for 
those that can be easily recaptured. Therefore, users must 
specify the pulse rate (and hence transmitter life) that max- 
imises the collection of data necessary to answer the 
research questions. Tracking technology is continually 
developing — becoming smaller and more powerful and 
with longer battery life. For example, data loggers can be 
automated to detect and record transmitters that move 
within a certain range, which is useful when recording 
crossings through an underpass. The duty cycle of some 
transmitters can be programmed to change when different 
behaviours are expected (e.g. resting or active, at night or 
during migration) to save battery life. 

Other tracking methods can be useful to identify 
movements and habitat use when radio or satellite 


tracking is not a suitable option. These methods include 
(i) dusting animals with fluorescent powder and fol- 
lowing the powder trail they leave (e.g. McDonald & St. 
Clair 2004; Graeter & Rothermel 2007); (ii) releasing 
an animal with a spool and line attached and following 
the thread which unravels (e.g. Boonstra & Crane 
1986; Dodd 2002); and (iii) snow tracking (e.g. Bellis 
2008). These techniques provide data on movement 
paths and habitat use but are labour intensive and 
generally limited to short durations and movement 
distances by individuals (Furman et al. 2011). 
Genetics is a relatively new frontier as a method for 
detecting road impacts on wildlife and is comprehen- 
sively explained in Chapter 14. Major advances in DNA 
analysis techniques and the emergence of landscape 
genetics have proven it a valuable approach to assessing 
population-level effects of roads (Storfer et al. 2007), 
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Figure 11.6 A barbed-wire hair snare adjacent to the road can identify highway crossing locations by black bears: (A) double 
strand attached to a row of trees, (B) attached to the top of a guardrail and (C) tuft of black bear hair caught on a barb. Source: 


Photographs by D.J. Smith. 


and we recommend incorporating it into all future stud- 
ies. As an example, barbed-wire strung parallel to roads 
in Florida, North Carolina and Virginia, United States, 
was used to obtain hair from black bears for DNA analy- 
sis (Fig. 11.6); results identified locations and frequency 
of road crossings by specific individuals (Wills 2008; 
Vaughan et al. 2011 Smith et al. 201 5b). DNA identifica- 
tion can reveal locations, number of individuals and sex 
ratio of animals crossing roads (Sawaya & Clevenger 
2010) and evaluate barrier effects and fragmentation of 
populations (Proctor et al. 2005; Textbox 14.2). For 
example, microsatellites were used to evaluate the effect 
of road size on increased genetic differentiation in red- 
backed salamanders (Marsh et al. 2008). Low-cost 
methods exist for genetic sampling, including from road- 
kills, hair traps, scats and shed skin from reptiles, and can 
be coupled with other already occurring trapping sur- 
veys and marking techniques (e.g. ear notching; 
Fig. 14.4). Laboratory work (e.g. DNA processing) can 
appear expensive but is comparable and often more cost- 
efficient than many field techniques, and it is important 
to use care in collection and storage to preserve sample 
quality for subsequent processing in the laboratory 
(Chapter 14). 


11.6 Ensure high standards for the 
collection, management, analysis and 
reporting of data 


Important parameters to consider regarding data col- 
lection include (i) identifying the appropriate number 
of treatment and control sites needed and their loca- 
tion; (ii) setting applicable timelines and data collection 
efforts to obtain sufficient data to perform statistical 
analysis; and (iii) minimising collection bias by employ- 
ing standardised field methods. 


Three different scenarios exist for road-impact 
studies (see Chapters 15 and 16 for study designs 
that evaluate mitigation measures): single site, mul- 
tiple sites or a continuous stretch of road (Smith et 
al. 2015a). For a single location, the effort is limited 
to one treatment. Selecting two or three control sites 
similar to the treatment site allows for a comparative 
analysis. For multiple impact sites, a similar number 
of control sites should be selected. While evaluations 
of asingle site only describe what is occurring at that 
location, studies on multiple sites measure the size of 
the impact and variance across all sites. For appro- 
priate comparison, control sites should be similar in 
character to treatment sites (e.g. road and habitat 
features, topography). Finally, for long stretches of 
a single road, subsampling (e.g. 100m stretches 
repeated every 2km) is appropriate. Randomly 
selected sample sites should represent all habitat 
types and significant natural features (e.g. stream 
corridors) associated with the target species. This 
provides the ability to make inferences regarding 
variability in impacts to wildlife across habitat types 
or other significant natural features (see Chapter 10 
for more detail on study design, sampling and 
replication). 

The sampling intensity and duration should 
increase as the level of variability and complexity in 
the study area increases (Smith et al. 2015a). More 
survey effort is necessary to detect road impacts 
and change over time when results are highly 
variable. Pilot surveys that estimate spatial and 
temporal variation in wildlife activity should 
occur before the monitoring is designed. These 
surveys can yield long-term benefits in efficiency 
by identifying appropriate sampling frequency and 
duration. For situations with moderate to high 
variation, power analysis (e.g. Gibbs et al. 1998) 
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or computer simulation (e.g. Rhodes & Jonzén 2011) is 
useful in identifying the ideal number and seasonal 
timing of surveys. In practice, actual frequency of data 
collection may depend as much on logistics (i.e. availa- 
ble time and resources to perform surveys) as on statis- 
tical power. It is critical that studies have sufficient 
statistical power to detect an impact to ensure the 
impacts of the road are comprehensively identified and 
effective mitigation is developed. 

Comprehensive road-impact studies may take place 
over multiple years, and consequently, multiple staff 
are likely to be involved in surveys, data analysis and 
reporting. Standardised protocols should be adopted to 
ensure consistent data collection over time because 
multiple observers can be a major source of variation 
(e.g. Sauer et al. 1994) due to differences in detection 
and identification abilities, interpretation of written 
protocols and decision-making. Standard forms with 
easy-to-follow data keys and instructions that outline 
specific information to be collected and how it should 
be recorded are required (see Heyer 1994; Wilson et al. 
1996; McDiarmid et al. 2012). 


11.7 Several housekeeping issues are 
important for a successful study including 
personnel and resource management, 
funding and budgets, obtaining the 
necessary permits and legal obligations 


The majority of this chapter has focused on the field- 
based considerations of conducting road-impact stud- 
ies. There are numerous ‘housekeeping’ issues that 
must also be considered and addressed to ensure that 
field studies are successful. First, the project scope must 
be comprehensive to ensure sufficient resources includ- 
ing staff, equipment and funding are available. The 
amount of funding will affect the choice of methods 
and the frequency and duration of data collection. 
Importantly, the road project should include sufficient 
funds to adequately assess the impacts — if insufficient, 
it may be necessary to scale back the scope to match 
the available budget. However, a threshold in funding 
required to undertake the study exists, below which the 
quality and reliability of the research are so compro- 
mised that it is no longer worth attempting. 

Second, researchers will need permits from relevant 
wildlife and/or environmental agencies if the study 
involves any handling of animals or occurs in protected 
areas. Approval from an animal ethics committee may 
also be required, ensuring animals are handled caringly 
(Silvy 2012). Finally, the parameters of the study may 


be defined by legal requirements, mutual agreements or 
land use or transportation plans. Most major road pro- 
jects require review and approval from relevant levels of 
government that environmental impacts have been 
adequately avoided, minimised or mitigated. 


CONCLUSIONS 


Commonly used field methods to quantify the impact of 
roads include roadkill surveys, population censuses, 
tracking of animal movements and analyses of gene 
flow. Time, effort and expense can be saved by using 
existing data and the best and most appropriate meth- 
ods for new data collection to identify specific impacts 
on wildlife and to design mitigation. Several steps are 
important to ensure the data is efficiently collected and 
the results are reliable, explanatory and inform man- 
agement. The methods and concepts discussed in this 
chapter are integrally connected to several sections in 
this book, most notably research monitoring and main- 
tenance, impacts and mitigation, fauna and landscape 
issues and regional issues. These sections contain chap- 
ters which provide additional information about study 
design and research methods, including specific exam- 
ples and applications. 
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FURTHER READING 


Dodd (2009): A manual of amphibian ecology and conserva- 
tion that includes a practical review of field monitoring 
techniques used to survey and study amphibians. 

Graeter et al. (2013): Describes and summarises sampling 
techniques for censusing and monitoring reptile and 
amphibian populations. 

McDiarmid et al. (2012): A comprehensive guide to survey 
techniques to study reptiles, including a detailed discussion 
of each method and data analysis techniques. 

Sutherland (2006): A detailed yet practical book describing 
how to plan, implement and analyse the results of field 
surveys for plants, invertebrates, reptiles, mammals, fish, 
birds and amphibians. 

Sutherland et al. (2004): A manual of the ecology and con- 
servation of birds that includes a practical review of field 
monitoring techniques. 

Wilson et al. (1996): A complete volume on approaches to 
investigations of mammalian populations. It discusses 
study design, survey planning, field methods and statistical 
techniques. 
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INTRODUCTION 


The impact of road mortality on animal populations is 
an important conservation issue (Chapters 1 and 28). 
Detecting the key factors involved in wildlife mortality 
due to wildlife-vehicle collision (WVC) — a prerequisite 
to propose effective mitigation measures — requires 
robust and unbiased estimates of the number of 
animals killed. Various methods are currently used 
(e.g. Lesson 54.3), making it difficult to compare the 
results from different studies (Erritzge et al. 2003). 
However, few studies take into account biases that 
influence mortality estimates. 

Counts of wildlife roadkill from a slow-moving 
vehicle enable long sections of road to be surveyed. 
However, such surveys have lower detection rates 
than those by foot (Erritzge et al. 2003), especially on 
roadside verges (Guinard et al. 2012). 


Three parameters need to be quantified to reduce 
bias in surveys of roadkill due to WVC: (i) The persis- 
tence probability of a carcass (the probability that the 
carcass was not removed from the road between two 
consecutive counts); (ii) the entry probability of a car- 
cass (the probability that a new carcass appears on the 
road between two consecutive counts); and (iii) the 
probability of detecting the carcass. The persistence 
rate is mainly affected by the activity of scavengers and 
by the destruction of carcasses by vehicles (Fig. 12.1). 
Other factors that also affect persistence and entry 
probabilities include species characteristics, carcass 
age, position on the road (i.e. on median, traffic lane or 
verge), traffic volume and scavenger abundance (Ponce 
et al. 2010; Guinard et al. 2012). The detectability of 
a carcass is affected by several factors, including the 
ability of fieldworkers, carcass characteristics, survey 
method, weather conditions and traffic volume. 
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Figure 12.1 Successive steps in the status of a wildlife carcass on the road, and its possible detection by an observer. An 
animal enters the population of carcasses with a probability of entry 7 when it is hit and killed by a vehicle. The carcass persists 
between successive counts within a session with a probability of persistence ®. If the carcass persists, it may be detected by an 
observer with probability p. The carcass may disappear with a probability 1 — ®. Source: E. Guinard. 


TESTING THE METHOD 


Four sections of motorway in southwest France, 
totalling 169km, were surveyed for 2.5 days each 
season for 4 years (i.e. 10 days surveyed annually). 
All vertebrate carcasses detected along the roads 
were recorded and data analysed, but only birds are 
reported here in this chapter. Each section of motor- 
way had relatively similar climatic and landscape 
conditions and shared a similar avifauna, but had 
different traffic volumes (two sections had average 
annual daily traffic volumes of 35,000 vehicles per 
day and the remaining two with 7000-8000 vehicles 
per day). Each survey session consisted of five succes- 
sive counts (two per day and one on the morning of 
the third day) to estimate carcass detectability, entry 
and persistence rates. Counts were made from a car 
travelling at 40-50km per hour on the emergency 
lane (Fig. 12.2), with a driver and always with the 
same observer. 

During the last afternoon of each 2.5-day session, a 
count by foot was made by the same observer walking 
on verges, on randomly selected sub-sections about 


10km in length. The position of each carcass on the 
road, verge or median was recorded. 

During each count we recorded all carcasses, identi- 
fied them to species where possible and individually 
marked them by painting a mark on the pavement 
(Figs. 12.3 and 12.4), allowing us to distinguish 
between new deaths and those that remained from the 
previous sessions. We also recorded the location 
(+10m) and age (fresh (<3 days) or old (>3 days; 
Figs. 12.3 and 12.4) of each carcass. 

To estimate carcass persistence and the entry and 
detection probabilities, we analysed the detection 
histories of 512 carcasses using the Cormack—Jolly— 
Seber model (Lebreton et al. 1992) and POPAN data 
type (Schwarz & Arnason 1996) in Program MARK 
5.1 (White & Burnham 1999). Such analyses can also 
be done with the program E-SURGE (Choquet et al. 
2009). Only fresh carcasses were taken into account 
when calculating probability of entry. 

Comparing the number of carcasses counted from 
the vehicle (the less accurate method) and by foot 
(the reference method) allowed us to calculate the 
detectability of the carcasses. 
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Figure 12.2 Barn owl found on motorway emergency lane in southwest France. Source: Photograph by E. Guinard. 


Figure 12.3 Fresh carcass of blackcap on motorway in southwest France. Source: Photograph by E. Guinard. 
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Figure 12.4 Old carcass of Phasianidae marked on the pavement of a motorway in southwest France. Source: Photograph by 


E. Guinard. 
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Figure 12.5 Carcass persistence rate (®) of wild birds by motorway and season (error bars indicate +95% confidence 
interval). Source: Guinard et al. (2012). Reproduced with permission of Elsevier. 


THE IMPORTANCE OF INCORPORATING 
CARCASS DETECTABILITY AND 
PERSISTENCE INTO ESTIMATES OF 
ROADKILL 


Counts by car and by foot provided similar estimates of 
carcass numbers, except on the verges where the num- 
bers of carcasses recorded from a car represent only 6% 


of the counts by foot (Guinard et al. 2012). Carcass 
persistence differed among motorways and among sea- 
sons, being higher during summer and lower during 
spring (Fig. 12.5), mainly due to variation in scavenger 
activity. Old and large carcasses such as owls persisted 
longer compared to fresh and small carcasses such as 
passerines. Carcass detectability was constant over 
time. Taking into account persistence and detection 
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probabilities, the uncorrected carcass numbers recorded 
during a 2.5-day session were underestimated by 10% 
for owls and 30% for passerines. Overall, surveys by 
vehicles underestimated mortality for all birds by 33%, 
compared to walking surveys. 

Average barn owl mortality rates estimated from the 
uncorrected counts of carcasses recorded from a vehi- 
cle were 15% lower than when the entry, persistence 
and detection rates were accounted for (1.88 +0.44 
(+s.e.) vs 2.24+0.06 individuals per kilometre per 
year). The underestimate was 36% for the European 
robin (Guinard 2013). 


CONCLUSIONS 


This study showed that not taking into account the 
detection and persistence rates of the carcasses leads to 
an underestimate of the rate of mortality due to WVC. 
The persistence of carcasses is lower on the road dur- 
ing breeding season (spring), probably due to higher 
activity of scavengers. Carcass persistence is higher for 
old carcasses presumably because they are less desirable 
to scavengers. 

To overcome the inconsistencies in estimates of 
roadkill that result from the different census methods 
currently used, a standardised method should be 
followed to minimise bias and make data more compa- 
rable. Standardised survey analyses must take into 
account carcass characteristics, detectability, persis- 
tence and entry rates to obtain unbiased estimates of 
roadkills. These rates can be estimated by performing 
several counts by car within a short period of time, 
with trained observers working in good weather condi- 
tions. We recommend that surveys occur monthly in 
2-day sessions with at least four counts per session. 
Counts from vehicles can be made on long sections 
(>20km) at the landscape scale, but shorter foot-based 
surveys are necessary to correct the bias in vehicle 
surveys. Comparing robust mortality estimates with 
population abundance estimates in neighbouring areas 
and relating them to habitat variables (road profile, 


proximity to wildlife crossing structures, vegetation 
structure and traffic measurements) can help explain, 
predict and effectively mitigate the mortality of wildlife 
on roads. 
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SUMMARY 


Collisions between vehicles and wildlife impact human safety and wildlife conservation. Transportation 
planners are increasingly involved in planning and implementing road-wildlife mitigation measures to 
lessen the risk of wildlife-vehicle collision (WVC) as well as provide connectivity opportunities for safe wild- 
life movement. An understanding of where, when and why WVC occur is essential to avoid high-risk areas 
and design effective mitigation measures. 

13.1 Information about when, where and why WVC occur along roads can be used to inform where mit- 
igation would be most effectively placed to reduce WVC. 

13.2 Global Positioning Systems are essential for the rapid and accurate collection of large volumes of 
WVC data for use in mitigation planning. 
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13.3 There are numerous methods available to identify where and when WVC hotspots and hot moments 
are located along roads that can instruct mitigation planners. 

13.4 When WVC data is not available, models can be used to predict WVC hotspots and hot moments; 
however, more rigorous study designs are required for application to mitigation planning. 

13.5 There are several inexpensive and accessible tools that have been developed to measure when, 


where and why WVC occur. 


There are many tools available to assist transportation planners and decision-makers in determining the 
location of mitigation measures for wildlife. These tools use empirical data to calculate hotspots and hot 
moments of WVC along roads. When empirical data is not available, predictive models can be applied to 
roads that have similar road and landscape conditions as the modelled site. 


INTRODUCTION 


Animals move through the landscape for a variety of 
reasons and often interact with roads, traffic and other 
linear infrastructure. There is a risk of a collision with 
a vehicle if the animal attempts to cross the road, 
potentially resulting in injury or death (roadkill) to the 
animals and/or occupants of the vehicle. The rate of 
wildlife-vehicle collisions (WVC) has been increasing 
globally, and the number of WVC with deer in the 
United States that resulted in fatalities of motorists has 
increased from 131 in 1994 to 223 in 2007 (www. 
deercrash.com). The loss of wildlife from WVC is sub- 
stantial (Chapter 28) and is one of the main human- 
caused sources of wildlife mortality (Forman & 
Alexander 1998). Furthermore, WVC are expensive, 
costing Americans an estimated US$8 billion annually 
in property damage and health-care costs (Huijser 
et al. 2008; Chapter 42). 

The location and timing of WVC are influenced by 
the location of the road in the landscape, traffic vol- 
ume and vehicle speed (see review in Gunson et al. 
(2011)). Identifying spatial (hotspots) and temporal 
(hot moments; see Beaudry et al. (2010)) patterns 
of WVC and understanding the factors that influ- 
ence their occurrence are essential to avoiding 
high-risk areas and designing effective mitigation 
measures. In this chapter, we discuss methods that 
are often used to measure where, when and why 
WVC occur along roads as well as the application of 
these methods to mitigation planning. It is impor- 
tant to distinguish between the use of WVC and 
roadkill data as opposed to where wildlife success- 
fully cross roads in mitigation planning, because 
sometimes different factors, such as traffic volume, 
influence whether animals cross a road safely or not 
(Fig. 13.1) (Clevenger & Ford 2010; Neumann et al. 
2012). 


LESSONS 


13.1 Information about when, where and 
why WVC occur along roads can be used to 
inform where mitigation would be most 
effectively placed to reduce WVC 


Transportation planners aim to lessen the impacts of 
WVC on wildlife populations and increase road safety for 
motorists. An understanding of where and when WVC 
occur will inform the placement and design of mitigation 
measures on existing roads, and being able to predict the 
location of WVC along proposed roads will allow plan- 
ners to avoid high-risk areas. For example, large ungu- 
lates may cross roads anywhere along a 1-2 km section of 
road, requiring mitigation that spans the entire section of 
road to prevent roadkill (e.g. moose; Krisp & Durot 2007; 
see also Chapter 56). In contrast, WVC may occur within 
several hotspots, each 100m in length, for species with 
low mobility or specialised habitat requirements (e.g. 
some species of turtles), requiring localised mitigation at 
each hotspot (e.g. Langen et al. 2012). These patterns 
inform where mitigation measures, including the num- 
ber of crossing structures and associated length of fenc- 
ing, would be most effectively placed. 

Often, temporary mitigation measures, such as 
intermittent road closures, speed reductions, wildlife 
warning signs and awareness campaigns, can be 
used to decrease the rate of WVC. Understanding 
when WVC occur will inform the timing and dura- 
tion of when this type of mitigation will be most 
effective. Warning signs strategically placed when 
wildlife are crossing roads during seasonal move- 
ments are more effective than permanent signs, 
because motorists are less likely to habituate to their 
message (Sullivan et al. 2004; Gunson & Schueler 
2012; Chapter 24). Furthermore, because road 
closures and speed reductions are not desirable for 
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Figure 13.1 (A) Not all crossings of roads by wildlife end in collision and mortality. However, turtles, in this case common 
snapping turtle (B), often have high rates of roadkill. Source: (A) Photograph by and reproduced with permission of Paul L. 


Clark and (B) Photograph by Kari Gunson. 


motorists or transportation planners (Chapters 37 
and 52), these measures are typically only imple- 
mented for limited time periods. 


13.2 Global positioning systems are 
essential for the rapid and accurate 
collection of large volumes of WVC data for 
use in mitigation planning 


The location accuracy of WVC data is extremely impor- 
tant because it determines the confidence in its use to 
place mitigation measures along roads (Gunson et al. 
2009). Some studies in North America and Europe 
have used over 30 years of WVC data collected by 
natural resource, police and transportation agencies to 
detect patterns in WVC occurrence (e.g. Nielsen et al. 
2003; Seiler 2005). Frequent limitations in the data 
are that WVC location is typically only collected for 
large animals and its spatial error can vary from 800 to 
6500m, when locations are referenced to the closest 
road distance marker or landmark, respectively 
(Gunson et al. 2009). 

The timing and location of WVC can now be accu- 
rately recorded with Global Positioning System 
(GPS) technology included with cellular phones and 
digital cameras. Location information can be 
uploaded to a centralised database as part of a citi- 
zen science awareness or research project or entered 
into specific online databases (e.g. Textbox 50.1, 
Chapter 62). Other studies have integrated personal 
digital devices with GPS technology for road 


maintenance crews (Ament et al. 2011) and truck- 
ers (Hesse et al. 2010) to collect WVC data. 

An advantage of these initiatives is the potential to 
collect accurate and abundant WVC data for a 
broader range of species. However, the ease of using 
a GPS device has led to an explosion of uncoordi- 
nated efforts among academic and citizen science 
projects. Data is collected to meet the needs of each 
project; however, it is rarely integrated into central- 
ised databases for use by transportation agencies for 
mitigation planning. Furthermore, reliability and 
accuracy of the data need to be established before it 
can be used for mitigation planning (Chapter 12, 
Chapter 62). Coordinated programmes accompanied 
with education and awareness campaigns have the 
potential to maximise the accuracy and amount of 
WVC data collected for large and small species to 
inform mitigation planning. 


13.3 There are numerous methods 
available to identify where and when WVC 
hotspots and hot moments are located 
along roads that can instruct mitigation 
planners 


There are several methods used in road ecology to 
quantify the aggregation (or clustering) and distribu- 
tion of WVC along roads. First, the Ripley’s K tech- 
nique measures the aggregation or clustering of 
roadkill along a road and whether it is statistically sig- 
nificant, that is, differs spatially from a random 
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distribution (Ripley 1981). The amount of clustering 
along the road can be measured in units of distance 
(e.g. meter) and is often expressed as a peak distance to 
indicate the scale at which clustering occurs (Fig. 13.2). 
For example, Langen et al. (2012) found turtle-vehicle 
collisions were most clustered along 250m-long 
sections of highway. 

Once that clustering has been found to be statisti- 
cally significant, a logical next step is to determine 
where this clustering occurs. Kernel density estima- 
tion (detailed in Bailey and Gatrell (1995)) is the 
analysis most often used, and it measures where 
along the road an aggregation of WVC occurs. The 
estimation requires a user-defined search distance to 
calculate the density of WVC along a specific road 
segment (e.g. Ramp et al. 2005; Krisp & Durot 2007; 
Mountrakis & Gunson 2009). Defining the search 
distance (length of road) to measure density can be 
guided by the objectives of the study (Krisp & Durot 
2007) and by the biological movement scale of the 
target species (Ramp et al. 2005). Additionally, by 
conducting the Ripley’s K analysis first, a significant 
clustering distance can be used to inform the search 
distance. 

A disadvantage of kernel density estimation is that it 
usually does not include a measure of statistical signifi- 
cance in the available software. A HotSpot Identification 
analysis recently developed by Coelho et al. (2014) 
compares the density of observed WVC along the road 
with a simulated Monte Carlo random distribution. 
Confidence intervals (similar to the Ripley’s K analysis) 
are used to determine significance, and clustering is 
considered significant when the density of observed 
WVC is above the upper confidence interval, thereby 
indicating where mitigation should be prioritised 
(Fig. 13.3). 

In addition to being clustered in space, WVC may 
also be clustered in time (e.g. during seasonal migra- 
tions) and can be referred to as ‘hot moments’ 
(Beaudry et al. 2010). The same methods described 
earlier in this lesson to determine the spatial distribu- 
tion of WVC can also be used to evaluate when WVC 
are aggregated (Mountrakis & Gunson 2009). The dif- 
ference between measuring hot moments and hot- 
spots is that WVC are plotted along a defined timeline 
(period) rather than along a length of road. To further 
illustrate this, in the kernel density analysis, the search 
distance is defined as a period of time relevant to when 
WVC occur (e.g. season). Space and time both influ- 
ence the occurrence of WVC independently but can 
also interact to increase the risk of a collision 
(Mountrakis & Gunson 2009). 


13.4 When WVC data is not available, 
models can be used to predict WVC hotspots 
and hot moments; however, more rigorous 
study designs are required for application to 
mitigation planning 


WVC models are advantageous because they can 
predict likely roadkill patterns and the need for mitiga- 
tion planning on proposed roads or on roads without 
data on WVC or wildlife movement. WVC-based models 
are typically applied to a species or group of species 
impacted by a road or road network. Relevant land- 
scape- and road-related factors are grouped as inde- 
pendent variables into multivariate models, and the 
dependent variable is typically the number or presence/ 
absence of WVC that have occurred along a road seg- 
ment (Gunson et al. 2011). Landscape factors include 
anthropogenic land use, wildlife habitat and terrain, 
which influence animal distribution, abundance and 
movement patterns (e.g. Malo et al. 2004). Road fac- 
tors such as traffic volume, road alignment, motorist 
visibility and road grades also influence the risk of 
WVC (e.g. Seiler 2005). 

Unfortunately, there are few published examples 
that have applied the results of WVC models to mitiga- 
tion planning on new or existing roads. One reason is 
that model validation is often conducted with WVC 
data collected from the same study area where the 
model was developed (but see exception in Seiler 
(2005)). These validation techniques are data driven 
and of limited application outside the study area 
because the reliability and scalability of model results 
are unknown. 

Another reason that lessens model applicability for 
mitigation planning is that the more intuitive factors 
such as species-specific habitat are routinely modelled 
in different landscapes to explain where WVC occur. To 
build on what is already expected, more integral spatial 
relationships such as type, shape, size or configuration 
of a species preferred habitat with respect to roads 
should be included in models (Gunson et al. 2011). 
Selection of factors relevant to specific road—wildlife 
mitigation projects can be improved with preliminary 
consultation among transportation planners, engi- 
neers and ecologists before model development. 

Statistically significant models that include con- 
founding and interacting variables provide mixed 
results and render interpretation and application to 
mitigation planning difficult. For example, it is difficult 
for a transportation planner to know whether clearing 
roadside vegetation will decrease WVC because motor- 
ist visibility is increased or be counterproductive 
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Textbox 13.1 Using free software to conduct spatial analyses of WVC along roads. 


Coelho et al. (2012) explored the spatial patterns of 
frog and toad roadkill along a 4.4km section of a two- 
lane highway in southern Brazil. This section of road 
neighbours a peri-urban reserve, the Itapeva State 
Park in the Atlantic Forest Biosphere Reserve. This 
protected area has high ecosystem diversity and high 
species richness of frogs and toads (28 species). A 
total of 1333 frogs and toads from 13 species and 6 
families were found dead on the road during 18 
months of road surveys conducted by foot (Coelho et 
al. (2012)). The data is summarised using a combina- 
tion of Siriema software (Coelho et al. 2014; Lesson 
13.5) and a spatial analysis tool for ArcGIS software 
(SANET, http://sanet.csis.u-tokyo.ac.jp; Okabe et al. 
2006) to determine the spatial distribution and density 
of frog and toad roadkill. 

A Ripley’s K analysis (a plot of the L statistic) shows 
that WVC are clustered more than expected by chance 
when the black line is above the upper confidence limit 
(grey line) (Fig. 13.2). In this case, the rate of frog and 
toad roadkill was greater than expected between 0 and 
4.24 km along the road and less than expected between 
4.25 and 4.41km, and peak clustering occurred at 
approximately 1.8km. In other words, the roadkill is 
aggregated on road segments ranging from 0 to 
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4.24km in size. This information can be used to both 
inform the search distance in an analysis to identify the 
location of hotspots along the road and plan the scale 
at which mitigation is required along the road length. 
The result of kernel density analysis performed with 
the SANET tool is plotted in Figure 13.3 and shows 
highest-density aggregations of roadkill in red and 
lowest density in yellow. A search distance (band- 
width) of 50m was chosen for this kernel analysis 
because (i) the Ripley’s K analysis identified that road- 
kill was significantly clustered at a spatial scale of 
50m, (ii) 50m is relevant to the movement scale of 
frogs and toads and (iii) 50m is an appropriate scale 
for implementing mitigation measures. The results of 
the kernel density analysis are plotted on the road with 
a land-use layer to aid in interpretation (Fig. 13.3). 
Last, we present the results from Coelho et al. (2012) 
who conducted a HotSpot Identification analysis 
to supplement the kernel density estimation used 
(Fig. 13.4). When the intensity of roadkill (black line) is 
above the upper confidence limit (grey line), then that 
road segment has more collisions than expected by 
chance. When using a search distance of 50m, they 
found the highest frequency of frog and toad deaths 
occurred at approximately 1.5 and 3.2km along the 
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Figure 13.2 L statistic (K observed — K simulated mean) as a function of scale distance (radius) and 90% confidence 
limits (grey lines) for frog and toad roadkills along a 4.4km road section in southern Brazil. Source: Coelho et al. (2012). 


Reproduced with permission of Elsevier. 
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Figure 13.3 Kernel density estimates of frog and toad roadkill along a highway adjacent to Itapeva State Park in the 
Atlantic Forest Biosphere Reserve, Brazil. Light grey shading is human-modified areas and darker areas are more natural 


habitat. Source: Fernanda Zimmermann Teixeira. 
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road. Similar results were also found in the SANET anal- 
ysis (Fig. 13.2), and the HotSpot Identification analysis 
showed that these aggregations were significant. These 
peaks are obvious locations to prioritise more effective, 
localised and spatially explicit mitigation measures. 
Collectively, these results can guide the scale of 
mitigation planning as well as where to place mitiga- 
tion measures along a road. The majority of the road 


length has more roackills than expected, and because 
the highest densities occurred at approximately 1.5 
and 3.2 km, mitigation measures, such as crossing 
structures, could be focused at these locations. Other 
practical suggestions along the road length include a 
reduction in speed limits and temporary road closures 
during high crossing events that can be predicted by 
seasonal weather patterns. 


Roadkill intensity 


Road (km) 


Figure 13.4 Anuran roadkill intensity (black line) and 99% confidence limits (grey lines) along a 4.4km road section 
in southern Brazil. Source: Coelho et al. (2012). Reproduced with permission of Elsevier. 


because ungulates are now attracted to roadsides for 
foraging (Gunson et al. 2011; Chapters 42 and 46). 
Study designs that control for interacting variables 
within models need to be more widely used 
(Chapter 10), especially when the objectives are for 
application to road mitigation planning projects. 


13.5 There are several inexpensive and 
accessible tools that have been developed 
to measure when, where and why WVC 
occur 


Once WVC data is collected, it is essential to plot, visu- 
alise and explore where they occur in relation to the 
landscape (Chapter 62). Google Earth (http://www. 
google.com/earth/index.html) is a free and useful tool 


that can be used to plot and visualise WVC on aerial 
imagery. These data can also be imported into a 
Geographic Information System (GIS) to conduct 
more sophisticated analyses. A commonly used com- 
mercial software is ArcGIS (ESRI 2011); however, a 
free alternative is Quantum GIS (QGIS; http://www. 
qgis.org/). 

Free software tools that perform spatial and tem- 
poral analyses are continually evolving and improv- 
ing. In 2001, researchers used software developed to 
analyse spatial patterns of crime (CrimeStat; Levine 
2000) (http://www.icpsr.umich.edu/CrimeStat/ 
download.html) to evaluate spatial hotspots of WVC 
along roads in Canada (Clevenger et al. 2001). Soon 
after, more sophisticated spatial analysis toolkits, 
such as Ripley’s K statistics, were developed with use 
in a GIS (e.g. SANET; Okabe et al. 2006) to identify 
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spatial patterns of plants and animal occurrence 
along roads (Clevenger et al. 2003; Spooner et al. 
2004; Ramp et al. 2005). More recently, researchers 
have programmed spatial and temporal analysis 
tools, for example, Ripley’s K in programming soft- 
ware such as Matlab 7.1 that determine spatiotem- 
poral patterns of WVC along roads (Mountrakis & 
Gunson 2009). 

Of particular note is Siriema, a free software 
package developed with a user-friendly interface 
that evaluates spatial distribution of WVC along 
roads (www.ufrgs.br/siriema). Analyses can be con- 
ducted along a road by first straightening it or by 
using the road as is and considering its sinuosity 
(Coelho et al. 2014). The software performs two 
options: a Ripley’s K function (see Coelho et al. 
2008) and also a HotSpot Identification analysis 
(Lesson 13.3 and Textbox 13.1). 


CONCLUSIONS 


An understanding of when, where and why WVC 
occur is essential to inform management, retrofit miti- 
gation on existing roads, avoid high-risk areas when 
building new roads and install mitigation on new or 
proposed roads. Wildlife mitigation research on roads 
has come a long way over the past 30 years and is ben- 
efitting from the rapid development of new tools and 
techniques. User-friendly tools such as Siriema soft- 
ware can substantially improve and facilitate integra- 
tion of science into practical mitigation solutions for 
wildlife on roads. 

The challenge ahead lies in improving the collection 
of WVC data and developing models that can be applied 
to mitigation planning. It is not practical or feasible to 
assume that accurate and systematic WVC data can be 
collected on all existing and newly planned roads, espe- 
cially when wildlife populations are declining. As a 
result, there is a need for more rigorous models with pre- 
dictive capabilities that can be applied to new roads. The 
integration of research with transportation planning 
requires a multidisciplinary approach that includes 
transportation planners, biologists and engineers 
through all planning stages of transportation projects. 
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FURTHER READING 


Coelho et al. (2012): This paper presents a more detailed 
description of the methods and results used for the Ripley’s 
K and the HotSpot analysis presented in the case study. 

Coelho et al. (2014): This is the user’s guide for Siriema, a 
freely available software that outlines the Ripley’s K test and 
the HotSpot Identification analysis presented in the case 
study. 

Gunson et al. (2011): Provides a thorough review of research 
studies that have created WVC hotspot models with a dis- 
cussion of improved methodologies to meet the aims and 
objectives of mitigation planning. 

Mountrakis and Gunson (2009): An in-depth study that 
combined both space and time to look at patterns and dis- 
tributions of wildlife-vehicle collisions temporally and 
along roads. 

Okabe et al. (2006): A user’s guide for the ArcGIS extension 
Spatial Analysis along Networks (SANET), which includes 
a set of analysis to evaluate spatial patterns along net- 
works, including network K functions and kernel density 
estimation. 
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SUMMARY 


Many investigative challenges in road ecology can be addressed by analyses that incorporate genetic data. 
However, genetic approaches in road ecology are underutilised, partially due to insufficient communica- 
tion between researchers and stakeholders about the strong applicability, efficiency and cost effectiveness of 
genetic data for addressing key issues in ecological management. Here, we outline some of the strengths of 
genetics and summarise important data types and analytical methods. We use the term ‘landscape genetics’ 
as a catch-all for the application of genetic techniques in road ecology. 

14.1 Landscape genetics is effective in evaluating the barrier effects of roads and their influence on 


population persistence. 

14.2 Patterns of genetic variation in individuals and populations can be used to estimate biological 

processes that are highly relevant for road ecologists. 

14.3 The power of landscape genetics in road-related research can be optimised by choice of study 

design and sampling protocol. 

14.4 Landscape genetics is cost effective and available by collaboration with suitable providers. 
Through these four points, we seek to encourage much greater consideration of genetic approaches for 

understanding and mitigating the ecological impacts of transportation infrastructure. Genetic approaches 

have repeatedly been shown to be valuable in these contexts, and they are constantly improving. Thus, their 

appropriate application should lead to substantial benefits for practitioners. 
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INTRODUCTION 


Road ecology generally seeks to understand the inter- 
actions of plants and animals with transportation 
infrastructure. This includes day-to-day and long-term 
movements of individuals, as well as gene flow, demog- 
raphy and persistence of populations and communi- 
ties; but these are challenging to measure. 

For more than two decades, genetic techniques have 
provided efficient solutions to the challenges of 
measuring dispersal, gene flow and other biological 
variables. Individuals of a species can be tested for 
differences in their DNA, which offspring inherit from 
their parents. This variability in genes is important for 
road ecologists in two distinct ways. First, adaptive 
genes have certain ecological functions and directly 
impact individual fitness (e.g. health, survival, repro- 
ductive success). Thus, changes in adaptive genetic 
variability caused by roads could directly impact 
population viability and the potential of species to 
adapt to environmental change. Second, selectively 
neutral DNA does not directly impact individual fitness, 
but can be used to evaluate many ecological processes 
that affect neutral genetic variation, such as popula- 
tion abundance, reproduction and dispersal. Using 
landscape genetics to analyse the distribution of neu- 
tral genetic variation across space has greatly increased 
our understanding of underlying ecological processes 
and has tremendous potential for road ecology. 

However, despite its efficacy, use of landscape 
genetics by road ecologists and agencies responsible for 
land and resource management and transportation 
planning has been limited. It can be challenging for 
potential end users to get an overview of the utility, 
cost effectiveness and availability of genetic techniques 
(see Sunnucks and Taylor (2008), Balkenhol and Waits 
(2009) and Simmons et al. (2010) for examples of how 
useful it can be). Several misconceptions may inhibit 
an increased application of genetic approaches in road 
ecology. One common misunderstanding is that genetic 
signatures of reduced dispersal caused by roads take 
many generations to be detectable. In fact, modern 
genetic methods can detect effects of roads, including 
inhibited movement of individuals, almost immediately. 
Genetic approaches can be a very effective path to eval- 
uate the influence of roads on movement, gene flow 
and population trajectories at timescales of interest to 
ecological managers. 

The objectives of this chapter are to (i) provide a 
general understanding of the principles and value of 
landscape genetics in road ecology; (ii) motivate 
transportation planners, scientists, land managers, 


decision makers and other stakeholders to consider 
landscape genetics as part of their toolbox; and 
(iii) provide a straightforward explanation of how to 
collect, use, analyse and interpret genetic data to 
answer questions related to ecological road effects. 


LESSONS 


14.1 Landscape genetics is effective in 
evaluating the barrier effects of roads and 
their influence on population persistence 


Several extensive reviews have detailed the strengths of 
landscape genetics for assessing gene flow and genetic 
structure (ones targeted for ecological managers 
include DeYoung and Honeycutt (2005), Sunnucks 
and Taylor (2008) and Balkenhol and Waits (2009)). 
Some of the most important and directly relevant 
advantages of genetic applications in road ecology are: 
e Genetic data can show the extent to which dispersal 
leads to gene flow, a critical contributor to thriving, 
persistent populations. Movement of individuals (or 
their gametes, such as plant pollen) is necessary but 
not sufficient to cause gene flow: individuals that move 
must also successfully reproduce. For example, while 
some carnivores crossed a freeway in California, gene 
flow across the freeway was very low, indicating that 
many of the individuals that crossed did not subse- 
quently breed. Thus, few individual road crossings 
were actually relevant to future population persistence, 
and genetic approaches were necessary to demonstrate 
this (Riley et al. 2006). 

e Larger populations are less likely to go extinct than 
smaller ones. Specifically, a measure of population size 
based on evolutionary genetics, effective population 
size (N), should be related to population health. There 
are many measures of N „ but they can be thought of 
as reflecting the size of the pool of individuals with a 
fair chance of contributing genes to the next genera- 
tion. N will be reduced by impacts of roads that lead to 
fewer breeders or increased inequality in breeding suc- 
cess. Downward trends in N, would usually indicate 
increased extinction risk. While estimating effective 
population size from field-based biological data is tor- 
tuous, genetic estimators can accomplish this task 
quite well. 

e Reduced dispersal and gene flow induced by roads 
can be detected genetically before serious demographic 
harm occurs. Thus, a genetic ‘early warning’ can allow 
for effective intervention while situations are still rela- 
tively salvageable. 
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e Genetic sampling does not require animal recap- 
tures, which saves time and money. Non-invasive sam- 
pling, such as collection of faeces, skin layers, feathers 
and plucked or shed hair (Fig. 14.5), can create great 
efficiencies for sampling endangered or dangerous spe- 
cies. These sampling benefits facilitate surveys at large 
scales and intensities, opening up entirely new possi- 
bilities. For example, much larger sample sizes are pos- 
sible with genetic analysis than with telemetry or 
mark-—recapture studies, making it possible to infer 
about processes such as mobility or gene flow over 
small and large temporal and spatial scales. Genetic 
techniques also increase the chance of detecting rare, 
long-distance and sex-biased dispersal, which may be 
key drivers of ecological systems. ‘Wildlife forensic’ 
applications provide the ability to quantify rates 
of roadkill by using genetic techniques to identify 
otherwise-unrecognisable traces of tissue or blood 
sampled from roads and motor vehicles. 

e Because all organisms have genetic material, there 
are virtually no limits to the taxa that can be studied. 
The true drivers of ecosystems, such as plants, fungi 
and microorganisms, are difficult to study by tradi- 
tional ecological methods but are amenable to genetic 
approaches. 

e It is often possible to obtain DNA from museum col- 
lections and other stored material to estimate past 
population processes. Obvious applications include 
time series analyses that examine changing levels and 
distribution of genetic variation in landscapes changed 
by transportation networks. 

The value of landscape genetics has been demon- 
strated by over 30 studies that used genetic data to 
investigate road impacts and assess the effectiveness of 
mitigation measures (reviewed in Balkenhol and Waits 
(2009); Holderegger and Di Giulio (2010); Jackson and 
Fahrig (2011)). Overall, genetic approaches have great 
potential to address the five issues considered to be 
most critical to understanding the ecological effects of 
roads and traffic (Roedenbeck et al. 2007). 


14.2 Patterns of genetic variation in 
individuals and populations can be used to 
estimate biological processes that are highly 
relevant for road ecologists 


Every individual of every species has a unique genetic 
signature because some changes in DNA occur in 
transmission from parents to offspring. To measure this 
genetic variation, laboratory techniques are used that 
detect differences in the DNA among samples. 


Quantifying genetic variation provides the basis for 
estimating the genetic relationships among samples of 
individuals and populations. To do so, genetic markers 
are normally used to detect differences in specific 
comparable sections of DNA among samples. Examples 
of typical genetic markers relevant for road ecology 
include microsatellites and mitochondrial DNA 
(mtDNA) sequences. Microsatellites are usually inher- 
ited from both parents and because they evolve rapidly 
they enable us to detect genetic differences among 
samples over relatively short time periods. In contrast, 
mtDNA is inherited only from mothers in most animals. 
Microsatellites and mtDNA markers can also be used 
together to compare recent to current levels of genetic 
variation or to detect sex-specific road effects on disper- 
sal. Many other types of genetic markers exist, each 
having specific advantages and limitations. Also, 
emerging genomic and next generation sequencing 
approaches can provide much greater power and 
resolution by scanning the entire genome for DNA 
differences. The principles of genomic approaches are 
nonetheless similar to those of established landscape 
genetics. 

Once molecular genetic data have been collected, 
two different components of genetic variation are 
commonly estimated: (i) the amount of genetic varia- 
tion (‘genetic diversity’) and (ii) the spatial distribution 
of genetic variation (‘genetic structure’ or ‘genetic 
differentiation’) (Fig. 14.1). The latter is often most 
interesting for road ecologists, because the distribution 
of genetic variation provides information on levels of 


Location A sample Location B sample 


Figure 14.1 Schematic to illustrate the distinction between 
genetic diversity and genetic differentiation. Consider two 
comparable genetic variants, ‘white’ and ‘black’, within 
individuals depicted as a pair of squares. Sample A and 
sample B have identical amounts of genetic diversity: both 
have 3 copies of 1 genetic type and 17 of the other. However, 
genetic differentiation between the two population samples is 
large: one is predominantly black and the other white. 
Source: Paul Sunnucks. 
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genetic exchange occurring between different loca- 
tions (e.g. on either side of a road). 

Many key questions of direct relevance to road ecology 
can be addressed by landscape genetics (Table 14.1). 
A detailed coverage of the numerous analyses of genetic 
data relevant to ecological management that focus on 
transportation is beyond the scope of this chapter but 
can be found in sources cited earlier. Here, we emphasise 
two main points: first, the possibilities for road-related, 
ecological research that utilises genetic data are exten- 
sive. For example, genetic data can characterise individu- 
als, identify their parents (parentage analysis), delineate 


genetic populations (genotypic clustering), identify 
migrants into populations (assignment tests), quantify 
environmental influences on gene flow and genetic 
structure and estimate census and effective population 
sizes. Second, the analytical (i.e. statistical) methods used 
for these different investigations have advanced substan- 
tially in recent years, providing greater reliability and 
improved ecological meaningfulness. A key area of 
advance, as explained in Textbox 14.1, has been improve- 
ment in ‘direct’ methods for quantifying genetic popula- 
tion structure and gene flow as distinct from 
longer-established ‘indirect’ methods. 


Table 14.1 Some key tasks, questions and analyses central to road ecology that are readily addressed with molecular 


population genetics. 


Topic and relevant questions 


Genetic approach 


Definition and mapping of populations 
How many populations are there and where are they 
located? 
How long have they been there? 


Between-population processes 
How are populations structured and how different 
are they? 


What are the rates, patterns of dispersal and gene 
flow? 

What kinds of individuals disperse with what 
probability? 

What proportions of individuals are from different 
sources and how mixed is the ancestry of 
individuals? 


Within-population processes 
What is the effective population size (N)? 


Has the effective population size changed recently? 


Have fundamental population processes (e.g. mating 
systems, kin interactions) changed? 


Monitoring and mitigation 
Species identification of roadkill 
Causes of mortality 


Censusing, births, deaths, reproductive success, 
migration, sex ratio, space use including road 
crossing and use of mitigation structures 


Properties of large-scale systems 
Relationship between road networks and functional 
connectivity, barrier/filter effects of natural and 
built landscape features 
Relationship between road impacts and population 
persistence 


Genotypic clustering and spatially explicit landscape 
genetics 

Comparisons of outcomes of genotypic, frequency- 
based and DNA sequence based analyses 


Spatial autocorrelation, Mantel tests. Frequency 
differentiation tests of genotypes, gene frequencies 
and DNA sequences 

Assignment/parentage tests for contemporary 
estimates, medium-term estimates from gene 
frequencies, long-term estimates from DNA 
sequences and coalescent analyses 

Assignment tests and mixed stock analyses 


Patterns of genetic variation, particularly in 
microsatellites and DNA sequences 

Tests based on loss of genetic variation and 
coalescence 

Assignment, parentage and kinship tests > local 
dispersal, social/mating systems and kin structure 


DNA sequence comparisons with databases 

Forensic applications, for example, DNA sampled from 
classes of motor vehicle or roads 

Non-invasive sample collection, genotype matching, 
genetic capture—mark-recapture analysis 


Connectivity modelling, isolation by resistance, partial 
Mantel tests and emerging improvements 


Demogenetic modelling 


Textbox 14.1 The difference between direct and indirect approaches to estimate population processes. 


Indirect genetic approaches to estimating 
population processes 


Classic approaches to identifying population structure 
are based on differences in frequencies of genetic vari- 
ants among samples from different locations. These 
data are summarised into statistics such as the com- 
monly used measure of genetic differentiation among 
populations called F» which is closer to zero when 
genetic variation is similar among populations (which 
could be caused by high levels of gene flow) and closer 
to one when genetic variation is dissimilar (more likely 
under low levels of gene flow). These are referred to as 
‘indirect’? approaches because they do not actually 
identify immigrant individuals, but instead, by making 
assumptions and applying theoretical relationships, 
use data from population samples to estimate popula- 
tion subdivision and infer levels of gene flow. Despite 
their widespread use, indirect approaches have signifi- 
cant limitations, including that nature frequently vio- 
lates the assumptions of indirect methods. This is 
particularly so in settings of recent change such as sur- 
rounding transport infrastructure. Indirect measures 
such as F, also can respond quite slowly to reductions 
in gene flow and so may not detect recent impacts of 
road construction. Thus, direct genetic measures may 
often be more useful to ecological managers. 


Direct genetic approaches to estimating 
population processes 


Recent direct genetic approaches focus on unique 
genetic variation of individuals and provide informa- 
tion at the finest spatial and shortest temporal scales. 
This additional capacity is beneficial in a number of 
important respects. Perhaps the most profound is that 
the genome of each individual bears highly resolving 
information (not detected by indirect approaches) that 
can be used to infer events in the life of that individual, 
including dispersal (Fig. 14.2). Additionally, the focus 
of direct approaches on individuals avoids many of the 
stringent (and often unlikely) assumptions of indirect 
methods; for example, F,, assumes gene flow to be 
equally likely among all habitat patches in a system. 
Direct methods for analysing genetic data provide 
extraordinary opportunities for addressing road- 
related ecological questions in highly efficient ways. 
Through their focus on genetic signatures of individu- 
als, direct approaches can be used for sophisticated 
analyses of movement and reproduction across 
landscape features, including roads. A key example is 
the application of assignment tests. In their simplest 
application, these tests can be used to estimate which 
population an individual was born into (Fig. 14.3). With 
sufficient sampling and power, it is possible to charac- 
terise dispersal events for large sets of individuals and 
examine which sex and ages of individuals disperse and 
what landscape features promote or hinder mobility. 
Such approaches are effective in detecting even subtle 
reductions in movement and gene flow across roads. 


Location A sample Location B sample 


Figure 14.2 Schematic contrasting individual and 
population measures of genetic difference. Individual 
genetic variation can be distinctive even when population 
frequencies are identical. The representation of 
individuals and genetic variation follows that of 

Figure 14.1. Samples A and B have the same genetic 
frequencies (each is 4/20 = 20% black) and so do not 
show genetic differentiation by indirect measures. 
However, the genetic compositions of individuals in the 
two populations are different: location A has two 
individuals that are ‘black’, whereas the black characters 
in sample B are not concentrated into individuals. Such 
distinguishing of within- and among-sample variation is 
useful — in this case, the black individuals in A could be 
recent migrants that have not yet bred with residents. 
With sufficiently powerful genetic tests, such migration is 
detectable as soon as an individual arrives. Source: Paul 
Sunnucks. 


Location A sample Location B sample 


Test individual 


Figure 14.3 Schematic of the principle of assignment 
tests. The most likely birth population of an individual is 
calculated on the basis of the location in which its 
genotype has the highest probability of being derived. 
The representation of individuals and genetic variation 
follows that of Figure 14.1. In this example, a test 
individual has two copies of the ‘black’ genetic variant 
(one from its mother, one from its father). Black is four 
times more common in location A than B, so on these 
data it is 16 times more likely (symbolised by size of the 
arrows) that the individual was born in location A than 
B. Source: Paul Sunnucks. 
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14.3 The power of landscape genetics in 
road-related research can be optimised by 
choice of study design and sampling protocol 


Sound planning and good study design are necessary 
for strong inferences in research applications. The 
most robust study design is BACI (Chapter 10), where 
data are gathered before and after roads or after mitiga- 
tion measures are constructed, and from areas with 
(impact) and without (control) transportation 
infrastructures. When BACI is not feasible, less power- 
ful but less demanding alternatives may be useful to 
apply. One good approach is space-for-time substitu- 
tion, in which reference sites are identified that can be 
taken to represent an impacted area before impact. For 
example, an investigation of the impacts of a major 
road on crossing by a species of gliding marsupial used 
reference sites away from the road but with similar 
physical and habitat conditions mirroring that of road 
sites (van der Ree et al. 2010). The case study in 
Textbox 14.2 presents an example of a control-impact 
(CI) design using space-for-time substitution. 

Design of genetic sampling is not only important but 
complex and requires expert input. Appropriate numbers 
and spatial distribution of samples depend on the age of 
the road, the spatial scale and the research questions 
(Chapter 15). Computer simulations are often beneficial 
for scoping major design issues (e.g. Hoban et al. 2013). 
It can be very beneficial to conduct feasibility and pilot 
studies to determine optimal sampling schemes. 

Traditional field research programmes often do not 
include genetic sampling, despite its relatively minor addi- 
tional cost and effort (Sunnucks 2011). Routine collection 


of genetic samples would maximise the ability of future 
research to apply a strong study design, notably BACI. 
A typical genetic sample might be a few cubic millimetres 
of tissue (such as 2mm diameter ear clips obtained 
during marking of small mammals (Fig. 14.4), a tail tip 
ofa lizard, 10-50 pl of bird blood or some legs of an inver- 
tebrate such as a beetle). The essential issue with pres- 
ervation is that DNA should be dehydrated rapidly and 
effectively (e.g. storing in >95% ethanol) and kept cool. 

Some rare, elusive or sensitive species may require 
non-invasive sampling. Non-invasive material such as 
faeces, shed skin, hairs (Fig. 14.5) or feathers is often 
somewhat more difficult and expensive to work with in 
the laboratory than are samples obtained from 
captured animals, but this may be more than compen- 
sated for by benefits in the sampling programme. To 
optimise preservation approaches, pilot studies may be 
required (e.g. Sloane et al. 2000). 


14.4 Landscape genetics is cost effective 
and available by collaboration with suitable 
providers 


Ecological managers rarely have the expertise and 
infrastructure to carry out genetics research, in which 
case they have two main options: (i) engaging commer- 
cial genetics laboratories or (ii) collaborating with 
universities or other research institutions. The labora- 
tories must have expertise in data interpretation and 
would ideally be able to design tailored genetic tests. 
The ability of genetics laboratories to increase their 
involvement in management-oriented research would 


Textbox 14.2 Using genetics to evaluate the efficiency of road-crossing structures for wildlife. 


In an interesting application of molecular techniques 
for road ecology, Kuehn et al. (2007) collected genetic 
samples from 222 roe deer along a 28-km stretch of a 
fenced motorway in Switzerland. They used a control- 
impact (Cl) sampling design (Chapter 10) that included 
four paired sampling locations on both sides of the 
approximately 20-year-old motorway (‘impact site’), 
as well as three sampling locations not separated by 
the road (‘control site’). Wildlife crossing structures 
(over- and/or underpasses) were present at the four 
impact sites along the motorway. Using 12 microsatel- 
lite markers, Kuehn et al. then assessed whether 
genetic differentiation among the impacted sites was 
significantly higher than among the control sites. 
Consistent with the hypothesised barrier effect of the 


highway, sites separated by the road generally 
exhibited significantly higher genetic differentiation 
(i.e. lower levels of gene flow). However, one pair of 
sites did not show elevated genetic differentiation, 
principally because the overpass connecting these 
two sites was the only crossing structure that was 
embedded into forest patches, the primary habitat of 
roe deer. Thus, the results suggest that the motorway 
has reduced genetic exchange of roe deer and that 
only one of the crossing structures in the area is func- 
tioning as intended. The study illustrates that genetic 
data make it possible to detect barrier effects of roads 
on a timescale relevant to decision makers and man- 
agers and that it can be used to efficiently evaluate the 
functionality of wildlife crossing structures. 
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14.4 DNA collected via ear notching — visible on the right ear of this Mitchell’s hopping mouse. Source: Photograph by 


and reproduced with permission of Marie Lochman/Lochman Transparencies. 


Non-invasive genetic sampling of American black bear (pictured here) and brown bear populations using 


barbed-wire hair trap, Banff National Park, Alberta, Canada. Source: Photograph by and reproduced with permission of 


Michael Sawaya. 


be promoted by a culture of collaboration throughout: 
during resource acquisition, project design, data 
interpretation and management recommendations. 
Ultimately, fruitful interactions between management 
agencies and laboratories with good-quality, peer- 
reviewed research publications will be greatly facili- 
tated by training of management staff in principles of 
landscape genetics. 

Genetic approaches are cost effective if properly 
applied and conducted — operating costs are typically 


around 20% of payroll costs, which is comparable with 
other disciplines. Cost effectiveness is continuously 
being improved by technological advances. Deriving 
sets of microsatellites for a ‘new’ species typically took 
several weeks and cost approximately US$8000 (2012 
equivalent) in materials, whereas next generation 
sequencing has transformed that to 1 or 2 days work 
and US$1500. Ample genetic markers are now availa- 
ble for most organisms, and this catalogue continues to 
grow (Gardner et al. 2011). 
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An excellent illustration of the improvements made 
possible through genetics is the non-invasive census 
of the northern hairy-nosed wombat, an endangered 
species in Queensland, Australia. Environmental 
managers are now estimating demography and inves- 
tigating biology of the population with a non-invasive 
genetic approach (collecting hairs at burrow 
entrances, for genotyping) that is considerably 
cheaper and less invasive than traditional field sur- 
veys and yields additional management-relevant 
information (Banks et al. 2003). 


CONCLUSIONS 


In summary, genetic approaches hold great promise for 
road ecology. The utility and applicability of molecular 
ecology will further improve through ongoing develop- 
ments in the field that will make data acquisition and 
analysis cheaper, more reliable and more meaningful. 
These improvements will help identify road effects on all 
levels of biodiversity, particularly when combined with 
field-based methods and simulation modelling. Together, 
these research approaches can focus on many ques- 
tions that are otherwise difficult to address including 
(i) behavioural changes due to traffic noise (e.g. bird calls 
and related mating success across roads); (ii) identifica- 
tion of optimal routes for conservation corridors or 
wildlife crossing structures; or (iii) road effects on species 
diversity at broad spatial scales (e.g. facilitated through 
e-DNA). Moving towards such ‘molecular road ecology’ 
will provide research findings that can significantly 
improve decision making with regard to construction 
and management of transportation infrastructure that 
avoids, minimises and mitigates negative ecological 
impacts when possible. This will be facilitated by a 
culture of collaboration between researchers, end users 
and other stakeholders, and by improving the capacity 
to deliver cost-effective services. 
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SUMMARY 


Wildlife crossing structures help animals cross safely under or over roads or other linear infrastructure and hence 
play an important role in the conservation of biodiversity. Measuring the rate of use by wildlife is an impor- 
tant first step in almost every evaluation of wildlife crossing structures. Unfortunately, the majority of studies of 
the use of crossing structures by wildlife lack a proper study design which limits the quality or reliability of the 
findings. The design and methods of each study to evaluate the use of crossing structures must be tailor-made 
because of differences among structures in their design, goals, target species, landscape and road conditions. 
15.1 Identify and describe the target species for the wildlife crossing structure being evaluated. 

15.2 For each target species, define the intended type and frequency of use. 

15.3 Design the study to enable a comparison of actual rate of use and minimum expected rate of use. 
15.4 Use data from control plots to estimate the minimum expected rate of use of a crossing structure. 
15.5 Select survey methods that monitor multiple species simultaneously and use more than one survey 
method for each species. 

15.6 The timing, frequency and duration of the monitoring should allow for rigorous estimates of 
crossing structure use. 

15.7 Measure explanatory variables to enable a comprehensive analysis of the monitoring data and 
comparison of crossing structure functioning. 

15.8 Thorough analysis, reporting and sharing of data are critical. 

Taken individually, each study of the use of crossing structures by wildlife provides an important but basic 
understanding of their function. Adopting the guidelines presented in this chapter will improve the quality 
of each monitoring programme as well as permit robust meta-analyses to optimise design, placement and 
management of wildlife crossing structures at much broader spatial scales. 
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INTRODUCTION 


Wildlife crossing structures, encompassing a broad 
range of underpasses and overpasses, help animals to 
cross roads safely and hence play an important role in 
the conservation of biodiversity (Chapter 21). Monitoring 
to investigate if the target species are using the struc- 
tures is an important first step, although it does not 
provide a complete insight into the effectiveness of the 
structure (van der Grift et al. 2013; Chapter 16). Well- 
designed studies of use can identify the rate of crossing 
by different species, enable the identification of design 
and landscape features that influence crossing rates 
(e.g. Clevenger & Waltho 2000, 2005; Ng et al. 2004; 
Ascensão & Mira 2007; Grilo et al. 2008) and provide an 
insight into interactions among species (e.g. predation 
(Chapter 23), territoriality) and human activities that 
may affect crossing rates (e.g. Doncaster 1999; Ford & 
Clevenger 2010; van der Grift et al. 2012; Chapter 22). 
Unfortunately, the majority of studies that evaluate 
the use of crossing structures lack a proper study 
design (see Chapter 10 for discussion on study design). 
In many studies, monitoring is limited to registering 
passing animals at the crossing structures, without 
measurements at control sites. Essential variables are 
often not measured, which hinders the interpretation 
of the data and makes it impossible to compare the 
functioning of multiple crossing structures. Not sur- 
prisingly, most monitoring studies are published in 
research reports or journals without peer review (see 
van der Ree et al. (2007) for some exceptions). These 
limitations hinder our ability to make full use of study 
results and increase our general understanding of the 
main drivers behind wildlife crossing structure use. In 
this chapter, we present guidelines to improve study 
design to enable the accurate evaluation of the use of 
wildlife crossing structures by wildlife. The overall 
aim is to improve the quality of future studies on cross- 
ing structure use and permit robust meta-analyses 
(Chapter 10) to optimise the design, placement and 
management of future crossing structures. 


LESSONS 


15.1 Identify and describe the target 
species for the wildlife crossing structure 
being evaluated 


A critical first step in evaluating the use of a crossing 
structure by wildlife is to make a list of all the target spe- 
cies that should or could use the crossing structure(s) 
being evaluated. This list is important because it 


influences all subsequent decisions on study design, 
sampling scheme and survey methods. For example, 
track beds are suitable for recording large carnivores or 
ungulates but are unsuitable for most small mammal or 
reptile species. Ensure the list is specific and identifies 
each species and not species groups, such as ‘small 
mammals’ or ‘frogs’, because species within the same 
group may also require different sampling methods. 


15.2 For each target species, define the 
intended type and frequency of use 


To assess if a crossing structure has achieved its goals, 
the intended type and frequency of use should be 
clearly described for each target species. In general, 
three types of use can be distinguished, each with its 
own corresponding crossing frequency: (i) daily use, to 
access resources within an individual’s home range on 
a daily or almost daily basis, for example, to access for- 
aging grounds, water sources or roosts; (ii) seasonal 
use, to access seasonal habitats, for example, annual 
migration to access breeding ponds, wintering grounds 
or calving areas; and (iii) occasional use, where ani- 
mals, often juveniles, make long-distance movements 
to establish their own territory, that is, dispersal move- 
ments, which are important for demographic and 
genetic exchange between existing populations and 
recolonisation of vacant habitat patches. 

Clear insight into the expected type and frequency 
of use is essential information to make decisions 
about study design, sampling scheme and survey 
methods. For example, the sampling technique at 
structures intended to assist recolonisation of empty 
habitat patches by dispersing individuals should be 
capable of recognising dispersing individuals. Or if a 
crossing structure is to allow home range movements 
of neighbouring social groups, the sampling tech- 
nique must be able to identify members of the differ- 
ent groups. 


15.3 Design the study to enable a 
comparison of actual rate of use and 
minimum expected rate of use 


Simply registering the number of crossings per spe- 
cies does not provide a solid basis to make conclusions 
about the rate of use of crossing structures or their 
effectiveness (Chapter 16). The rate of crossing is 
largely dependent on population density and is usu- 
ally greater in areas with high population densities 
than in areas where a species is rare. Therefore, the 
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study design should allow for comparing actual use 
(or observed rate of crossing) with estimates of mini- 
mum expected use. Use must be expressed in terms of 
crossing rate, that is, the number of crossings of a 
species per unit of time. In the case of animals that 
use crossing structures as habitat or can only slowly 
move across a structure, use should be expressed as 
relative abundance, that is, the number of animals of a 
species per unit of area. Measuring actual and mini- 
mum expected crossing rates or relative abundances 
permits calculation of species performance ratios 
(Lesson 15.4). If multiple crossing structures are 
monitored or data from different studies are being 
compared, such performance ratios provide a solid 
basis for further analyses of what factors influence 
structure use. 


Textbox 15.1 Estimating the minimum expected 


In this textbox, we illustrate how to estimate the mini- 
mum expected rate of use of a crossing structure 
using data from a wildlife overpass in the Netherlands 
(van der Grift et al. 2012). The rate of crossing by 
medium-sized mammals was surveyed using two 
15m-long track beds that spanned the full width of the 
overpass (Fig. 15.1A). Simultaneously, 24 control plots 
were established within suitable habitat for the target 
species in the immediate vicinity of the overpass 
(Fig. 15.1B). Each control plot was randomly posi- 
tioned and consisted of one 15m-long track bed. 
Track beds at the overpass and in the surroundings 
were surveyed three to four times per week over a 1- 
year period. The minimum expected crossing rate of 
the species at the overpass is equal to the mean 
crossing rate at the control plots. If the crossing rate at 


the overpass is higher than this mean, the species 


15.4 Use data from control plots to 
estimate the minimum expected rate of use 
of a crossing structure 


Preferences of species towards certain types of crossing 
structures can only be identified if baseline informa- 
tion on the presence/absence and/or abundance of the 
target species from the surrounding area is available. 
Ideally, this baseline information should be collected 
at multiple nearby locations, that is, control plots, 
simultaneously with measurements of use at the struc- 
ture itself. Measurements at control plots are used to 
calculate the minimum expected rate of use of the 
crossing structure, provided the survey methods, such 
as plot size, survey technique and sampling scheme 
(Textbox 15.1), at control plots are similar to those at 


rate of use of a crossing structure. 


seems to actively select a route across the overpass 
(funnelling effect). If the crossing rate at the overpass 
is lower than this mean, the species seems to actively 
avoid the overpass. At the studied overpass, three 
mammal species — badger, polecat and rabbit — 
crossed more often than the estimated minimum 
crossing rate for the species. Species performance 
ratios for these species were, respectively, 11, 12 and 
1.5. This means that, for example, badger crossed the 
track beds on the overpass 11 times more often than 
the track beds at the control plots. Five species — roe 
deer, red fox, European hare and red squirrel — crossed 
less frequently than expected. These species seem to 
avoid the overpass. Comparison with species perfor- 
mance ratios at other overpasses indicated that over- 
pass width and design were likely the main factors that 
affected use of the structure by these target species. 


Figure 15.1 Track bed at the wildlife overpass (A) and at a randomly positioned control plot within suitable habitat in 
the vicinity of the overpass (B). Source: Photographs by and reproduced with permission of Fabrice Ottburg. 
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the crossing structure. Measurements at control plots 
should be expressed in terms of crossing rate or relative 
abundance, similar to those at the crossing structure 
(Lesson 15.3). 

Control plots should be positioned close to the 
crossing structure being evaluated in order to assess 
populations that may potentially benefit from the 
crossing structure. However, control plots should be 
placed outside the road-effect zone (Forman & 
Deblinger 2000; Lesson 1.2) of the species being 
monitored because species presence and abundance is 
often reduced within this zone (Benitez-Lopez et al. 
2010). Control plots outside the road-effect zone will 
more accurately measure the ‘pre-road’ conditions 
than plots within the zone and allow a stronger and 
more reliable comparison of structure effectiveness 
at achieving the goal of maintaining pre-road 


connectivity levels. This approach is not perfect, but it 
provides a consistent approach that can be applied 
across a range of studies. The road-effect zone is usu- 
ally asymmetric, as some road effects only occur at 
specific locations, or road and landscape features 
result in different effect distances along the road 
length (Forman et al. 2003; Fig. 1.1). The size of the 
road-effect zone can be determined by estimating the 
abundance of each target species at increasing 
distances from the road. 

The control plots should be positioned within a cir- 
cular area around the crossing structure (Fig. 15.2). 
The radius of this area should be minimised to decrease 
travel time during surveys but large enough to position 
all control plots outside the road-effect zone. Control 
plots should be randomly placed only within suitable 
habitat for the target species, and not in rarely or never 


Figure 15.2 The distribution of control plots in a hypothetical study of the use of a wildlife crossing structure (black dot) by a 
woodland dependant species. Control plots are randomly placed within deciduous (red dots) and coniferous (yellow dots) forest 
used by the species but not in arable land, meadows and water, which the species avoids. The radius of the area in which control 
plots are placed is 1000 m. The road-effect zone (denoted by stripes) is 250m, in which no control plots are placed. Power 
analyses determined that a minimum of 6 control plots were needed per suitable habitat type, which results in a total of 


12 control plots. Source: Adapted from van der Grift (2010). 
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used habitats (Fig. 15.2). More control plots generally 
lead to increased precision, and the minimum number 
should be identified before the study commences using 
a power analysis, preferably based on the results of a 
pilot study. The pilot study should determine the varia- 
tion in the studied variable and therefore how many 
control plots are required to allow for rigorous esti- 
mates of expected use. 


15.5 Select survey methods that monitor 
multiple species simultaneously and use 
more than one survey method for each 
species 


A range of survey methods exist to monitor crossing 
structure use, but not all are equally effective or inform- 
ative (Table 15.1, Fig. 15.3A, B, Chapter 11). For exam- 
ple, camera traps work well for large mammals but are 
usually ineffective for most birds and invertebrates. 
Track beds provide data on species, direction of move- 
ment and gait, and cameras provide this as well as the 
time of crossing, some weather conditions and, depend- 
ing on the species, sex, age class, behaviour and unique 
markings. Cost-effectiveness also differs among meth- 
ods (Ford et al. 2009). Survey methods that monitor 
multiple species simultaneously are recommended 
because they provide more information for similar effort 
and cost. In addition, the use of multiple survey meth- 
ods for each species can decrease bias and provide better 
estimates of the parameter of interest (Textbox 15.2). 
Consistent use of the same methods and personnel over 
time, both at the crossing structures and at the control 
sites, is important to provide comparable results. 


15.6 The timing, frequency and duration of 
the monitoring should allow for rigorous 
estimates of crossing structure use 


The timing of monitoring depends primarily on the 
objectives of the mitigation and objectives of the 
monitoring. If the aim is to evaluate the extent to 
which a crossing structure restores access to sea- 
sonal habitats (e.g. spring migration of amphibians 
to breeding ponds), the monitoring can be limited to 
the period in which those migrations occur. 
Furthermore, the life cycle of the species will influ- 
ence the timing of monitoring if predictable periods 
of presence/absence (e.g. migratory species) or 
inactivity (e.g. hibernation during winter) can be 


identified. If the aim is to evaluate a species’ daily 
movements in an area that encompasses a crossing 
structure, monitoring throughout the year — exclud- 
ing periods in which the species is inactive or does 
not occur — is recommended. Most species show dif- 
ferent activity and movement patterns throughout 
the year (Fig. 15.5); hence, measuring use of cross- 
ing structures for only a few weeks or months may 
not provide a comprehensive estimate of use. 

Monitoring frequency employed in past studies is 
highly variable, ranging from daily to once per 
month, as shown by a review of 121 studies (van der 
Ree et al. 2007). The frequency of monitoring is 
closely related to the timing of the monitoring. For 
example, weekly surveys may be required if the struc- 
ture is to provide year-round home range move- 
ments, while daily surveys are likely required for 
structures that provide seasonal connectivity for a 
1-month period. The choice of survey method is criti- 
cal, as these differ considerably in the amount of 
effort required to collect data. For example, camera 
traps can collect data 24 hours per day, 7 days per 
week with little effort, while track beds demand fre- 
quent visits by field personnel often resulting in mon- 
itoring intervals of once per week or less. 

The duration of monitoring in published studies also 
varies considerably, ranging from 4 nights to 8 years 
(van der Ree et al. 2007). Monitoring for multiple years 
is recommended, as crossing structure use may vary 
considerably across years. For example, the initial rate of 
use of structures after installation is often low, increas- 
ing after months or years when animals become accus- 
tomed to its presence. The need for monitoring across 
multiple years increases if population size of the target 
species is known to vary from year to year or if the trend 
in the rate of crossing structure use is to be identified. It 
may be important to survey over many years because 
the vegetation at or around crossing structures will 
mature over time, potentially affecting rate of use. 


15.7 Measure explanatory variables to 
enable a comprehensive analysis of the 
monitoring data and comparison of crossing 
structure functioning 


In addition to recording use by animals, a range of other 
variables should be also measured during the monitoring 
to improve interpretation of the results. These explana- 
tory variables allow for better comparisons among study 
sites and stronger inferences concerning the causes of 
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.3 Every survey method has its weaknesses. For example, fog may prevent accurate identification of passing 


animals with camera traps (A) or heavy rainfall may obscure animal footprints on track beds (B). Source: Photographs 
by Edgar van der Grift. 


5.2 Using multiple techniques to assess rates of crossing of canopy bridges and glider poles. 


There is rarely a single survey method that is without 
error or bias. In Australia, crossing structures installed 
for arboreal mammals include canopy bridges and 
glider poles, as well as underpasses for those spe- 
cies that come to the ground (Figs 40.1 and 40.5). 
A recent study (Soanes et al. 2013) measured the 
crossing rate by squirrel gliders using radiotracking, 
motion-triggered cameras and microchip (also called 
passive integrated transponder (PIT)) scanners 
(Fig. 15.4). The nightly rate of glider crossings at one 
canopy bridge was 2.66 using cameras, 0.40 using 
radiotracking and 1.37 using microchip scanners. 
The advantage of radiotracking and microchip scan- 
ners is that the identity of the individual can be 


(A) 


a Mia 


identified, which cameras are unable to do. However, 
individuals that have not been fitted with a transmit- 
ter or microchip will be missed, while cameras 
register both tagged and non-tagged individuals. 
Radiotracking is extremely labour intensive but is 
able to detect crossings that occurred without the 
use of crossing structures, such as via canopy 
connectivity (Fig. 40.1A) or at unmonitored crossing 
structures. Trapping is similarly labour intensive and 
relies on recapturing marked animals on both sides 
of the road, which rarely occurred. In addition to dif- 
ferences in detectability and effort, the use of multi- 
ple techniques builds in some redundancy in case of 
equipment malfunction. 


Cameras on (A) glider poles and (B) both ends of canopy bridges were used to record crossings by squirrel 


alaei in south-east Australia. The (C) microchip scanners on rope bridges record the identity of individuals as they 
cross over, assuming they have been previously captured and fitted with microchips. The combination of microchip 
scanner and camera provides some redundancy in case one method fails. Source: Photographs by Rodney van der Ree. 
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Figure 15.5 The average number of successful crossings per month of roe deer at a wildlife overpass in the Netherlands. Use 
of the overpass varies seasonally, and if monitoring was only conducted during winter (D, J, F), the rate of annual use would be 
underestimated. In contrast, annual estimates derived only from summer data (J, J, A) would be an overestimate. Source: 


Adapted from van der Grift et al. (2009). 


observed differences in crossing rates. These should 
include documenting the spatial and temporal variability 
in (i) road design and traffic; (ii) crossing structure design, 
management and co-use by people, domestic animals or 
livestock; (iii) structural features of the surrounding 
landscape; and (iv) weather conditions. 

Road design variables include road width, whether 
the road is in a cut or elevated on fill, and presence and 
type of pavement, street lights, fences, noise screens, 
median strip and road verges. Traffic volume and speed 
should be documented at several temporal scales, for 
example, daily, seasonally or annually. Crossing struc- 
ture variables include the size and characteristics of 
the crossing structure, the distance between crossing 
structures, the presence and design of wildlife fences, 
the type and frequency of management and the pres- 
ence and frequency of use by non-target species, 
humans and domestic animals. Information on the 
duration of the construction period and the date that 
the road/crossing structure was ready for use may also 
be important. Important landscape variables include 
altitude, topography, land use, type and amount of veg- 
etation and the occurrence of important landscape ele- 
ments, such as hedgerows or ponds. The landscape 
features should be mapped and monitored over a circu- 
lar area around the crossing structure, with a radius 
that is similar to the one recommended for positioning 
control plots (Lesson 15.4). Finally, weather conditions 
during monitoring should be documented, including, 
where relevant, temperature, cloudiness, precipitation, 
snow cover depth and wind speed. 


15.8 Thorough analysis, reporting and 
sharing of data are critical 


Monitoring programmes are usually considered 
completed when the data has been analysed and the 
report has been submitted to the transport agency. 
A major limitation is that most reports are not peer 
reviewed and neither the report nor raw data are 
made widely available. Peer review of reports and 
publication in scientific journals is recommended to 
improve the quality and rigour of the scientific 
methods as well as improve access to the findings. 
This will help to ensure that future studies and miti- 
gation programmes can build on existing knowl- 
edge. The raw data should be published to allow for 
meta-analyses, where multiple data sets from a 
range of sources are pooled and analysed together 
(Lesson 10.8). One of the aims of promoting the 
consistent approach and improved quality of moni- 
toring is to provide a greater number of studies that 
can be used in this way. 


CONCLUSIONS 


Proper evaluation of the use of wildlife crossing struc- 
tures requires a tailor-made monitoring plan. The mon- 
itoring approach — including study design, sampling 
scheme and survey technique — depends on the target 
species for mitigation and the objectives of the study. 
The set of guidelines presented here allows for improved 
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comparisons among study sites and studies, as well as a 
better understanding of features that affect crossing 
structure use. A well-designed evaluation of crossing 
structure use optimises crossing structure design, 
placement and management, which ensures that 
resources are spent in the most cost-effective manner. 


FURTHER READING 


van der Grift et al. (2013): An outline of approaches to evalu- 
ate the effectiveness of road mitigation measures. 

van der Ree et al. (2007): An international review of the 
study design and methods of 121 published scientific 
papers and reports on the use and effectiveness of wildlife 
crossing structures. 

Roedenbeck et al. (2007): A framework for a research agenda 
for road ecology and recommendations for experimental 
designs that maximise inferential strength, given existing 
constraints. 
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SUMMARY 


Wildlife crossing structures — underpasses and overpasses — have been constructed around the world and are 
used by many species of wildlife to safely cross roads and other linear infrastructures. However, there is still 
much to learn about their effectiveness at contributing to the preservation of biodiversity. How many and 
what kinds of structures do we need to reach the goals of mitigation? Without clear insights into the effec- 
tiveness of wildlife crossing structures, we run the risk of losing wildlife populations (or even species) and 
wasting money. The evaluation of the effectiveness of mitigation requires a good experimental design and 
should be incorporated into road planning. 

16.1 Identify and describe the target species and goals of mitigation. 

16.2 Monitor target species that are likely to demonstrate statistically significant effects with compara- 
tively little sampling effort in space and/or time. 

16.3 Select parameters of interest that are most closely related to the outcome of real concern. 

16.4 Adopt a study design that allows for rigorous conclusions. 

16.5 Use model simulations to determine the best sampling scheme. 

16.6 Select mitigation sites to be monitored based on the objective(s) of the evaluation. 

16.7 Choose control sites based on the goals of mitigation. 

16.8 Measure explanatory variables that provide the best possible estimates of mitigation effectiveness. 
16.9 Utilise survey methods that monitor multiple species simultaneously. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
Companion website: www.wiley.com\go\vanderree\roadecology 
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16.10 Ensure that the evaluation of mitigation has sufficient resources, is integrated into the planning 
and construction of roads and is coordinated across boundaries. 

A comprehensive evaluation of the extent to which road mitigation measures reduce the risk of decline 
and extinction of wildlife populations is essential to ensure that conservation funds are being allocated in 
the most cost-effective manner. Researchers need to be involved in the design of the evaluation programmes 
from the earliest stages of the road construction or road mitigation project. Although the set of guidelines 
presented here is ambitious, we are convinced that they are necessary to improve our understanding of the 


effectiveness of road mitigation measures. 


This chapter is a summary of a paper published in Biodiversity and Conservation (van der Grift et al. 2013), 


in which more details on these guidelines are presented. 


INTRODUCTION 


The construction of wildlife crossing structures has 
become standard practice in many parts of the world 
to help restore wildlife movement across roads and 
contribute to the conservation of biodiversity. 
Numerous studies have shown that, if well designed 
and placed, crossing structures are used by many spe- 
cies, but little is known about their effectiveness at 
achieving specific goals (Fig. 16.1). Do crossing struc- 
tures do what we expect them to do? To what extent 
do they contribute to the preservation of wildlife 


populations and species? How many and what kinds 
of wildlife crossing structures do we need to reach the 
goals of mitigation? Finding the right answers to 
these questions is essential for the development of 
efficient road mitigation strategies. Without clear 
insights into the effectiveness of crossing structures, 
we run the risk of losing wildlife populations and 
species, despite all our efforts to prevent just that. 
A lack of such insights may also result in an ineffi- 
cient use of financial resources. If we underestimate 
their effectiveness, we may build more than are needed. 
If we overestimate their effectiveness, we may build 


Figure 16.1 Roe deer using a wildlife overpass in the Netherlands. Evidence showing that the target species uses the crossing 
structure is essential, but not the full story, because use of a wildlife crossing structure does not necessarily equate to its 


effectiveness. Source: Photograph by Edgar van der Grift. 


Guidelines for evaluating the effectiveness of road mitigation measures 131 


too few, also resulting in the loss of our investments as 
biodiversity continues to decline. If we do not compare 
the effectiveness of different kinds of crossing struc- 
tures, we may build an inferior type. And if we do not 
compare the effectiveness of crossing structures 
against other mitigation strategies, we are unable to 
identify the most effective strategy. In this chapter, we 
outline the essential elements of a good experimental 
design to evaluate the effectiveness of wildlife cross- 
ing structures and recommend how to incorporate 
such evaluations into road planning. While the focus 
is on crossing structures, similar principles apply for 
other types of mitigation. 


LESSONS 


16.1 Identify and describe the target 
species and goals of mitigation 


A comprehensive evaluation of the effectiveness of 
wildlife crossing structures requires a clear definition 
of success. Effectiveness is defined as the extent to 
which the goals of mitigation are reached. In practice, 
the goal of mitigation is often a list of species that 
should use the crossing structure. Such lists are impor- 
tant, but not enough. A clear and testable description 
of the goal for each species and structure is needed. We 
recommend the SMART approach, that is, goals that 
are specific, measurable, achievable, realistic and time 
framed (Textbox 16.1). The goals should (i) specify 
which road impact is to be addressed; (ii) quantify the 
reduction in impacts aimed for; (iii) preferably be 
agreed upon by all stakeholders; (iv) match available 
resources; and (v) specify the time span over which the 
reduction is to be achieved. 


16.2 Monitor target species that are likely 
to demonstrate statistically significant 
effects with comparatively little sampling 
effort in space and/or time 


Studies of the use of wildlife crossing structures usually 
focus on species that are rare and/or in decline or those 
large enough to cause significant damage to vehicles 
and humans if involved in wildlife-vehicle collisions 
(WVC). If limited resources prevent an evaluation of all 
threatened species, one should choose those that are 
most likely to demonstrate statistically significant 
effects with comparatively little sampling effort in 
space and/or time. The following criteria will assist in 


Textbox 16.1 SMART mitigation goals. 


If a wildlife crossing structure is meant to reduce the 
number of roadkills of a particular species, a SMART 
goal (Lesson 16.1) may be: /n year X after mitigation, 
all (or Z% of) traffic-related mortality of species Y is 
prevented. Goals that relate to the permeability of 
the road for wildlife may be expressed as: In year X 
after mitigation, the number of (i) between-popula- 
tion movements, (ij) home range movements or (iii) 
seasonal migrations across the road of species Y is 
similar to (or at least Z% of) pre-road-construction 
movement numbers. Similarly, goals that relate to the 
desired size and eventually the viability of the con- 
nected populations may be expressed as: The post- 
mitigation population density of species Y at time X is 
similar to (or at least Z% of) the pre-road-construction 
population density. Or if the pre-road-construction 
situation is unknown: In year X post-mitigation, pop- 
ulation density of species Y is similar to (or at least 
Z% of) population density in control population(s) Q. 
Empirical studies and model simulations may help 
formulate proper goals, for example, to set a realistic 
time frame or to assess what is needed to maintain 
viable wildlife populations. 


selecting species for sampling: (i) strong responses to 
roads and traffic, for example, high roadkill rates, or 
unable/reluctant to cross roads; (ii) short response 
times to road mitigation, for example, quickly habitu- 
ate to wildlife crossing structures; (iii) relatively 
widespread, as this will increase opportunities to find 
replication and control sites; (iv) low natural variability 
in population densities over time, as high variability 
will decrease the statistical power to detect effects; and 
(v) readily and easily surveyed. If the list of species for 
evaluation still exceeds available resources, other crite- 
ria, such as even representation of different species 
groups, habitats and/or trophic levels, can be used. 


16.3 Select parameters of interest that are 
most closely related to the outcome of real 
concern 


The main drivers behind road mitigation initiatives 
are human safety, animal welfare and wildlife con- 
servation. When human safety drives the mitigation 
efforts, the primary objective is to reduce human 
casualties and property damage. In this context, the 
most informative parameter is the number of 
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humans killed or injured due to WVC or unsuccess- 
ful collision avoidance. Less informative but still 
useful parameters include (i) insurance money spent 
on damage to vehicles due to WVC; (ii) number of 
human hospitalisations due to WVC; and (iii) number 
of WVC in total. 

When animal welfare drives the mitigation efforts, 
the primary objective is to prevent wildlife mortality 
due to WVC. The most direct measures of success are 
(i) the number of animals killed or injured on roads 
and (ii) the number of animals killed or with ill health 
(e.g. inbreeding depression, increased competition 
due to overcrowding, reduced access to food 
resources; Textbox 39.1) due to isolation through the 
barrier effect of roads. These parameters comple- 
ment each other as each addresses a different mecha- 
nism through which wildlife can be positively affected 
by wildlife crossing structures, that is, through fewer 
roadkill or through increased road permeability and 
hence increased access to resources. 

When wildlife conservation drives the mitigation 
efforts, the primary objective is to maintain or restore 
population viability. Since population viability cannot 
be directly measured in the field, we need to measure 
attributes of the population that reflect or influence 
the likelihood of population persistence. The most 
informative attribute in this respect is the trend over 
time in the size — or density — of the local population. 
For example, if existing roads are having population- 
level effects and crossing structures are successful in 
mitigating those effects, we would expect to see 
increases in population size after the structures are 
installed. If the crossing structures are installed along 
with the construction of a new road, successful miti- 
gation would be indicated by no change in the size of 
the wildlife population. When it is not possible to esti- 
mate population size or trend, less indicative attrib- 
utes may be measured, such as the number of roadkill, 
reproductive success, age structure, sex ratio, 
between-population movements, genetic differentia- 
tion or genetic variability within the population 
(Chapter 14). However, conclusions about the effec- 
tiveness of mitigation will be harder to make as these 
attributes are less closely tied to population viability. 


16.4 Adopt a study design that allows for 
rigorous conclusions 


An appropriate study design is critical for determin- 
ing the effectiveness of mitigation. The optimal study 
design includes collection of data before and after 


road construction, at sites where mitigation is 
installed (impact sites or treatment sites) and at sites 
without mitigation (control sites) (i.e. BACI design, 
Chapter 10). Collecting data before and after road 
construction — or before and after installing mitiga- 
tion measures at an existing road — allows the ‘before’ 
situation to be used as a reference. Collecting data at 
control sites ensures that measured changes can be 
attributed to the mitigation. For example, mitigation 
may reduce roadkill, but an observed reduction in 
roadkill could also be caused by other factors, such as 
a decrease in population density, increased road 
avoidance behaviour or changes in traffic volume. An 
important assumption is that impact and control sites 
are similar in all relevant respects. As this assumption 
is rarely met, replication of both impact and control 
sites is recommended (Fig. 16.2). 


16.5 Use model simulations to determine 
the best sampling scheme 


The sampling scheme includes (i) the duration of 
monitoring before and after mitigation; (ii) the fre- 
quency of monitoring; and (iii) the number of repli- 
cate sites. As these parameters are unlikely to be 
independent, model simulations can help elucidate 
the optimal sampling scheme by exploring the rela- 
tionship between the probability of detecting an effect 
of mitigation, the duration of monitoring and the 
number of replicate sites (Fig. 16.3). Figure 16.3 
shows that to achieve an 80% probability of detecting 
an effect of road mitigation that is 80% effective, we 
should measure the parameter of interest for about 
26 years, assuming we monitor at only one study site. 
However, monitoring duration can be significantly 
shortened to 12.5 years if 10 study sites are moni- 
tored simultaneously. Increased replication will 
reduce the uncertainty in effect size, allowing a relia- 
ble conclusion about road mitigation effectiveness to 
be reached sooner. The ability to detect a significant 
effect also depends on the accuracy of the measure- 
ments — and the more accurate they are, the shorter 
the monitoring period. In the event of insufficient 
funds and/or sites for adequate replication, novel 
sampling designs and the pooling of data across stud- 
ies have the potential to achieve reliable outcomes 
(Chapter 10). Similar graphs can be produced for 
other relationships between sampling variables such 
as the duration of monitoring and sampling fre- 
quency, or the number of replicate sites and sampling 
frequency. 
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Figure 16.2 The optimal study design to evaluate the effectiveness of wildlife crossing structures when installed at a new or 
existing road. Two types of control sites are possible: (i) no road and (ii) no mitigation. Preferably, both mitigation and control 
sites are replicated. Note that the actual number of replicates required will likely exceed two, and it depends on a range of 


factors. Source: E. van der Grift. 
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Figure 16.3 Hypothetical relationship between the probability of detecting an effect of road mitigation on population viability, 
the duration of monitoring after the mitigation measures are put in place and the number of study sites: 1 study site (A) or 10 
study sites (B). The four scenarios illustrate variations in the expected effectiveness of mitigation, for example, road mitigation is 
expected to reduce the road effect by 100, 80, 60 or 40%. Source: van der Grift et al. (2009). 


There is no ‘one sampling scheme fits all’ 
approach. The sampling scheme is closely related to 
the chosen parameter of interest and the character- 
istics of the studied species. For example, a species 
with a low reproductive rate and long lifespan would 


require monitoring over a longer period to assess a 
change in population density, compared to a species 
with a high reproductive rate and short lifespan. 
Because the rate of use of crossing structures often 
increases over time, and if use and effectiveness are 
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positively correlated, it is also likely that effective- 
ness will increase with time since mitigation. 
Therefore, sampling should not begin before an 
effect is expected to have occurred and should con- 
tinue long enough to detect lagged or transient 
effects, for example, habituation times to new struc- 
tures. Using model simulations prior to data collec- 
tion can help ensure the monitoring programme is 
cost-effective and achievable and occurs at the 
appropriate time. 


16.6 Select mitigation sites to be 
monitored based on the objective(s) of the 
evaluation 


If the evaluation is to assess the effectiveness of 
multiple crossing structures, it may be necessary to 
sample a subset of those available, the selection of 
which should be guided by the objective of the evalua- 
tion. If the objective is to evaluate the extent to which 
the mitigation is effective for a target species, one 
should choose a random sample of mitigation sites 
from the total available. If the objective is to evaluate 
whether a specific type of crossing structure mitigates 
road impacts for a target species, one should choose 
sites that are most likely to demonstrate statistically 
significant effects. In that case, select sites where (i) the 
road effect is known or expected to be high; (ii) the 
timing of mitigation allows for sufficient time for 
repeated measurements before construction; (iii) suffi- 
cient replicate sites are available; and (iv) multiple 
mitigation measures are planned for a relatively 
long section of road as this may allow for phasing or 
manipulating mitigation in an experimental design 
(Chapter 10). 


16.7 Choose control sites based on the 
goals of mitigation 


Control sites must be carefully selected to ensure the 
comparison between the mitigation and control is 
valid. The goals for mitigation determine which types 
of control sites are needed: control sites with an 
unmitigated road, control sites with no road or both 
(Fig. 16.2). The former option applies when post- 
mitigation conditions have to be compared with pre- 
mitigation conditions, for example, when comparing 
movements before and after mitigation. Control sites 
without roads are required when post-mitigation 


conditions have to be compared with pre-road condi- 
tions, for example, when changes in population size/ 
density are of concern. 

Figure 16.4 illustrates changes in population den- 
sity over time at mitigation and control sites. Scenarios 
1 and 2 show that population density increased with 
the installation of road mitigation measures. However, 
a comprehensive assessment of the extent to which 
population density improves can only be made if we 
include some ‘no-road’ control sites. The other sce- 
narios show no improvement (Scenario 3) or even a 
decline in population density (Scenario 4) after miti- 
gation, due to ineffective mitigation. Proper assess- 
ments of the extent to which declines in population 
density have been mitigated can only be made if 
we include ‘road without mitigation’ control sites. 
Similar scenarios can be developed for cases where 
the construction of a new road and mitigation take 
place simultaneously, except that the trajectories 
would all start at the level of the no-road control at 
time zero. 


16.8 Measure explanatory variables that 
provide the best possible estimates of 
mitigation effectiveness 


Variables other than the parameters of interest should 
also be measured to improve interpretation of the 
results, provide better comparisons among study sites 
and allow for stronger inferences concerning the 
causes of observed differences. We recommend docu- 
menting spatial (among sites) and/or temporal (over 
time) variability in (i) road design and traffic; (ii) cross- 
ing structure design and use; and (iii) features of the 
surrounding landscape. 

Road design variables include road width, eleva- 
tion, pavement, lighting, fences, noise screens, 
median strip and verge widths and vegetation. Traffic 
volume and speed should be documented at several 
temporal scales, for example, daily, seasonally or 
annually. Road mitigation variables include charac- 
teristics of the mitigation measure, passage through 
the crossing structure by the target and non-target 
species and presence and frequency of co-use by 
humans and domestic animals. Information on the 
duration of the construction period and the date that 
the mitigation measures were ready for use may also 
be important. Finally, landscape variables include 
altitude, topography, land use, type and amount of 
vegetation and the occurrence of characteristic 
landscape elements. 
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Figure 16.4 Hypothetical result when evaluating the effectiveness of road mitigation measures at an existing road. 
Mitigation measures are installed at time zero. In addition to the mitigation site, measurements are carried out — before and 
after mitigation — at a no-mitigation control site and a no-road control site. Generally, there are four possible scenarios: (1) the 
road mitigation measures are 100% effective, and population density increases to the level of the no-road control site; (2) the 
road mitigation measures are only partly effective, and population density increases compared to the unmitigated situation but 
does not reach the level of the no-road control site; (3) the road mitigation measures are not effective, and population density 
remains similar to the density in the unmitigated situation; and (4) the road mitigation measures are not effective and even 
worsen the situation by reducing population density compared to the unmitigated situation. Source: van der Grift et al. (2013). 


16.9 Utilise survey methods that monitor 
multiple species simultaneously 


Survey methods that monitor multiple species simulta- 
neously should be used because they provide more 
information for similar effort (Table 16.1, Chapter 11). 
Where possible, more than one survey method should 
be used for each species to decrease bias and improve 
estimates of the parameter of interest. Consistent use 
of the same methods and personnel is essential across 
control/mitigation sites and important over time to 
provide comparable results (Lesson 10.5). 


16.10 Ensure that the evaluation of 
mitigation has sufficient resources, is 
integrated into the planning and 
construction of roads and is coordinated 
across boundaries 


Discussion about the evaluation of mitigation often 
begins after construction has finished. It is, however, 
essential that the evaluation of the mitigation be 


integrated into all other aspects of the road project 
(Chapter 10). Indeed, the monitoring plan should be a 
condition of approval, and minimum standards set to 
ensure itis fully planned and funded before construction 
begins. This is essential to ensure that sufficient ‘pre- 
construction’ (i.e. before) data can be collected and 
that there are sufficient resources to complete the 
monitoring and determine effectiveness of mitigation. 
A feasibility assessment prior to commencing a study 
may result in the inclusion of additional sites to allow 
for some that may become unsuitable during the study. 
If there is insufficient money to adequately complete a 
project, we recommend conducting fewer scientifically 
rigorous studies that are more likely to contribute new 
knowledge than numerous poorly designed studies. 
One approach to achieve adequate funding and better 
study design is to pool resources (including funding, 
study sites) across projects and jurisdictional bounda- 
ries (Lesson 10.7). The data should be analysed and 
reported in a timely manner to ensure existing 
structures can be modified within an adaptive frame- 
work and the design of future mitigation measures is 
improved. 
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Table 16.1 Potential survey method(s) for each parameter of interest. The list provides some examples of frequently used 


survey methods and is not aimed at being complete. 


Driver of road mitigation 


Human safety 


Number of humans killed or injured 


Parameter of interest 


Potential survey method 


Questionnaire 


due to WVC or to collision 


avoidance 


Insurance money spent on material/ 


Questionnaire 


immaterial damage due to WVC 


Number of hospitalisations due to 


WVC 


Number of WVC with species that 


Questionnaire 


Road surveys 


potentially impact human safety, 
regardless of whether they 
resulted in human injury or death 


Animal welfare 


Number of animals killed or injured 
while crossing roads 
Number of animals killed or with ill 


Road surveys 


Field surveys 


health due to isolation from 
needed resources through the 


barrier effect of roads 


Wildlife conservation 


Trend in population size/density 


Number of animals killed 
Reproductive success 


Age structure 
Sex ratio 


Between-population movements 


Genetic differentiation 


Genetic variability 


Capture-mark-recapture; point/ 
transect counts or calling surveys; 
pellet counts; nest/den counts; 
tracking arrays, for example, photo/ 
video cameras, track pads 

Road surveys 

Counts of eggs/young 

Capture, direct observation 

Capture, direct observation 

Capture-mark-recapture, radio- 
tracking, direct observation, tracking 
arrays 

Invasive DNA sampling after capture; 
non-invasive DNA sampling, for 
example, through hair traps, scat 
collection, antler/skin collection 

Invasive DNA sampling after capture, 
non-invasive DNA sampling 


Source: van der Grift et al. (2013). 


CONCLUSIONS 


A comprehensive evaluation of the extent to which road 
mitigation measures reduce the risk of decline and 
extinction of wildlife populations is essential to ensure 
that funds are being cost-effectively allocated. To achieve 
this, transportation and permitting agencies need to 
move beyond asking consultants or researchers to simply 
record the use or measure the rate of crossing by fauna, 
rather to insist that evaluations determine the extent to 


which wildlife crossing structures have mitigated the 
negative effects of the road. Researchers must be involved 
in the design of the evaluation programmes from the ear- 
liest stages of the project and need to inform the road 
agency of the essential components of good study design. 
The importance and benefits of road mitigation meas- 
ures should be better communicated to all stakeholders. 
The guidelines presented here are ambitious, but they 
are necessary to improve our understanding of the 
effectiveness of road mitigation measures. 
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Clevenger and Sawaya (2010): A pilot study to assess poten- 
tial population-level benefits of wildlife crossing structures 
through non-invasive genetic sampling. 

Fahrig and Rytwinski (2009): A review of the empirical litera- 
ture on the effects of roads and traffic on animal abundance 
and distribution and the development of a set of predictions 
of the conditions that lead to negative or positive effects or 
no effect of roads on animal abundance. 

van der Ree et al. (2009): A modelling study in which popula- 
tion viability analysis was used to assess the effectiveness of 
tunnels for the endangered mountain pygmy possum in 
Australia. 

Roedenbeck et al. (2007): A research agenda for road ecology 
and recommendations for experimental designs that max- 
imise inferential strength. 
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SUMMARY 


Roads and their associated infrastructure require regular inspection and maintenance to detect and repair 
faults before they pose a hazard to motorists and while the cost of repair remains relatively low. Mitigation 
measures for wildlife (e.g. crossing structures, wildlife detection systems, fencing) also need to be inspected 
and maintained to ensure they remain structurally sound and functional. Monitoring equipment must also 
be adequately maintained to ensure the monitoring programme is not disrupted. However, maintenance is 
often overlooked or ignored, resulting in ineffective mitigation measures that ultimately waste money and 
endanger wildlife and road users. 
17.1 Routine roadside maintenance must not reduce the effectiveness of a mitigation measure. 
17.2 Inspection and maintenance of wildlife mitigation measures must address both structural and 
functional integrity. 
17.3 Ecological experts and maintenance engineers should develop and review maintenance pro- 
grammes together. 
17.4 Develop specific systems, procedures and funding for maintenance of mitigation measures, and 
incorporate them into existing programmes. 
17.5 Maintenance engineers must be involved in the design stages of the project. 
17.6 The maintenance programme should facilitate research and monitoring. 

The development and implementation of schedules and procedures to maintain mitigation measures 
is critical, and transportation agencies must incorporate the maintenance of mitigation measures into 
everyday practice. 
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INTRODUCTION 


New roads usually take years to plan, design and con- 
struct and are often eagerly awaited to improve safety, 
congestion or access. Road maintenance, on the other 
hand, is like housework — nobody notices unless it 
doesn't get done. Maintenance of mitigation measures 
is often neglected because it is far removed from the 
planning and design stages of a road project. Planning 
and design usually receive much more attention from 
wildlife experts and the general public than routine 
maintenance regimes. This is extremely problematic 
because even minor deteriorations or small mainte- 
nance errors (like the small design errors discussed in 
Chapter 9) can seriously compromise the proper func- 
tioning of mitigation measures. 

Maintenance programmes must be developed and 
implemented for all mitigation measures to ensure 
they continue to achieve their goals over their full 
lifespan. A maintenance programme consists of four 
key elements: (i) an inventory of the asset; (ii) an 
inspection schedule; (iii) routine upkeep or repairs 
triggered by deterioration of condition; and (iv) an 
adaptive response to new knowledge or understand- 
ing about maintenance standards or techniques. 
Transportation agencies must include mitigation 
measures in their routine maintenance programmes 
(as they do with other features of the road network) 
to ensure the financial investment is not wasted, 
human safety is not compromised and wildlife are 
not placed at further risk of endangerment due to 
poorly maintained structures. The aim of this chap- 
ter is to highlight why the maintenance of wildlife 
mitigation measures must occur, how to ensure it 
occurs and what needs to be done. Maintenance of 
roadsides and roadside vegetation is primarily 
addressed in Chapter 46. 


LESSONS 


17.1 Routine roadside maintenance must 
not reduce the effectiveness of a mitigation 
measure 


The standards and processes for routine road mainte- 
nance programmes have developed over many years, 
usually without consideration of wildlife. Therefore, it 
is not surprising that some of these practices are 
incompatible with the needs of wildlife. Standard road- 
side maintenance practices are frequently applied to 
mitigation measures or the areas around them, often 


with disastrous consequences. For example, wildlife 
culverts with a sandy substrate have been ‘cleaned out’ 
to bare concrete, which is a standard maintenance pro- 
cedure for drainage culverts. Mowing or pruning of 
roadside vegetation around structures can result in 
unsuitable access to crossing structures for some spe- 
cies of wildlife. Depending on the specific needs of the 
target species, the vegetation at entrances to crossing 
structures may need to be left longer when cutting, 
mowed less frequently or not mowed at all. Mitigation 
measures are rarely cheap, so inappropriate mainte- 
nance of structures or adjacent areas can make them 
ineffective and financially wasteful. 

One challenge is to ensure that maintenance crews 
know the specific requirements of each mitigation 
measure, and this can be achieved through careful 
mapping, physical demarcation of sites with signs, 
regular induction meetings and site inspections. This 
challenge is exacerbated by the relatively frequent 
turnover of maintenance crews and contractors. 


17.2 Inspection and maintenance of 
wildlife mitigation measures must 
address both structural and functional 
integrity 


For each mitigation measure, maintenance pro- 
grammes need to cover structural integrity (e.g. will 
the bridge, underpass or fence collapse; is the infrared 
beam on the wildlife detection system operational?) 
and functional integrity (e.g. is the exclusion fence, 
overpass or noise wall achieving its purpose?). 

The inspection and maintenance of structural integ- 
rity will be similar to those for standard road features. 
In contrast, the inspection and maintenance of func- 
tional integrity is more complicated and is likely to be 
outside the current scope of standard maintenance 
activities. For example: 

e Underpasses usually function better as wildlife pas- 
sages if they have a natural (rather than concrete) 
floor, and road agencies must ensure that the right 
amount of soil and leaf litter remains on the floor of 
the underpass. 

e Combined wildlife underpasses and drainage cul- 
verts (Lesson 21.3) may need periodic cleaning to keep 
them open while retaining sufficient substrate mate- 
rial, especially open-topped tunnels for amphibians, 
which may accumulate toxic de-icing chemicals in the 
winter. 

* Some species may need ‘fauna furniture’ (e.g. rocks 
or brush; Figs 39.1 and 39.2) in underpasses for 
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shelter; however, excess furniture can accumulate 
after floods, impeding access. Sufficient cleaning is 
required to restore ‘openness’ without excessive 
removal of cover. 

e The density of shrubs and trees on wildlife over- 
passes and at the entrances to underpasses influences 
the rate of use by different species, and it is important 
to maintain the vegetation density and mix of species 
such that it favours the target species. 

* Vegetation, fencing and/or soil berms used as screen- 
ing between people and wildlife on co-use crossing struc- 
tures (Chapter 22) must be sufficiently dense to minimise 
human disturbance and encourage use by wildlife. 
Although individual mitigation measures may need 
different maintenance treatment, these activities 
should be incorporated into the same maintenance 
programme employed for most other road features. 
These maintenance (or asset management) pro- 
grammes should include (i) an inventory of each 
asset; (ii) an inspection schedule; (iii) what to inspect; 
(iv) what thresholds in condition will trigger a 
response; and (v) the details of the response or specific 
maintenance procedures needed (i.e. what mainte- 
nance or remedial actions are required and who is 
responsible). 

The maintenance programme for mitigation meas- 
ures should also provide information on the goal of the 
mitigation measure, the target species and some rele- 
vant biological and ecological information. This is to 
ensure that any subsequent maintenance decisions are 
beneficial for the species and to allow new knowledge 
or understanding about maintenance standards to be 
incorporated adaptively. 


17.3 Ecological experts and maintenance 
engineers should develop and review 
maintenance programmes together 


A big challenge facing managers is that the specifics of 
a maintenance programme for a mitigation measure 
are often unknown. For example, a timber pole needs 
to be replaced when it fails a torque resistance test (a 
measure of wood rot). In contrast, we may not know 
the optimum depth of substrate on a culvert floor nor 
the threshold in depth of water pooling at an under- 
pass entrance that will prevent wildlife from using it. 
While these factors might not reduce the efficacy of the 
mitigation measure for some species, it may be critical 
for others. 

A common-sense approach is probably sufficient 
to develop an initial cost-effective maintenance 


programme. For example, the preferred habitat of 
most target species is reasonably well understood, and 
maintenance should aim to reproduce those condi- 
tions in and around the mitigation measure. Barrier 
fencing (to prevent wildlife from entering the road- 
way; Chapter 20) for a species that migrates annually 
across a road (such as a frog; Chapter 31) should be 
inspected and repaired shortly before migration com- 
mences and periodically throughout the migration 
(Lesson 31.7). If there is any doubt about the specifics, 
an experimental approach (Chapter 10) should be 
used to refine the maintenance programme in 
response to measured outcomes. An adaptive 
approach and sharing of experiences among agencies 
(perhaps through the regional road ecology networks; 
Chapter 61) would also help to refine maintenance 
programmes to ensure structural and functional 
integrity. 


17.4 Develop specific systems, 
procedures and funding for 
maintenance of mitigation measures, 
and incorporate them into existing 
programmes 


There is a tendency around the world to build miti- 
gation measures and then ‘forget’ about them. 
Agencies responsible for maintenance need ecologi- 
cal assistance and funding to develop and implement 
the maintenance programme. Road agencies often 
have insufficient funds for standard road mainte- 
nance programmes, let alone the maintenance of 
mitigation measures as well. The maintenance 
budget is also one of the first to be cut because it is 
typically the largest expenditure of road agencies 
and is perceived politically as the least exciting. The 
amount of funding for maintenance should be 
accounted for at the beginning of the project and 
provided for in the long-term planning of transpor- 
tation agency budgets. 

As described in Lesson 17.2, maintenance of mitiga- 
tion programmes must be incorporated into estab- 
lished road maintenance programmes. Caution should 
be exercised if mitigation maintenance is not fully inte- 
grated with existing programmes because this exacer- 
bates the risk of substandard or inappropriate 
maintenance. Programmes should also ensure a fail- 
safe or double-check system to ensure the maintenance 
has occurred. The incorporation of maintenance 
regimes into best-practice manuals, guidelines and 
standards is essential (Chapter 59). 
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17.5 Maintenance engineers must be 
involved in the design stages of the project 


Mitigation measures may be unnecessarily difficult and 
expensive to maintain if they are designed without input 
from maintenance experts. Maintenance engineers 
should be included in the development and review of pro- 
ject concepts and design plans, preferably as part of a 
design task team (Chapter 9). Including maintenance con- 
siderations at this early stage will increase the ease and effi- 
ciency of maintenance after construction. Furthermore, 
wildlife experts and maintenance engineers should col- 
laboratively develop protocols for maintaining each indi- 
vidual feature and review and refine these over time. 
However, ease of maintenance should not be the primary 
influence on the design — an easily maintained but inap- 
propriate structure is not an optimal solution! 


17.6 The maintenance programme should 
facilitate research and monitoring 


Research and monitoring is frequently conducted to 
assess the use and effectiveness of mitigation measures 
(Chapter 10). Maintenance such as mowing grass, 
pruning trees or clearing obstructions in a culvert may 
affect the rate of use of a crossing structure by wildlife 
or modify the effectiveness of a wildlife exclusion fence. 


(A) 


If the research and monitoring team is unaware of 
these maintenance activities, they may incorrectly 
conclude the structure is more or less effective than 
it truly is. Ideally, maintenance activities would be 
experimentally incorporated into the research and 
monitoring programme to improve the maintenance 
programme adaptively (Lesson 17.3). 

Mitigation measures can also be designed to include 
features to facilitate monitoring. A simple example is the 
inclusion of gates in exclusion fencing to allow staff to 
access the crossing structure. Locating glider poles out- 
side the ‘clear zone’ or behind guard rails will eliminate 
the need to divert or slow traffic during maintenance 
(Fig. 17.1). The provision of access tracks can facilitate 
maintenance of crossing structures, and especially 
exclusion fences. In some regions, workers require spe- 
cialist training to enter enclosed spaces, such as small 
underpasses, and the installation of larger structures 
may eliminate this extra maintenance cost. Of course, it 
is critical to assess if such modifications are feasible 
within the constraints of the project and whether they 
would reduce effectiveness for the target species. 

Equipment to monitor the effectiveness of mitigation 
will also inevitably require maintenance, and these 
maintenance needs should be incorporated into the 
design of the road/mitigation measure. For example, 
routine annual maintenance of cameras on glider 
poles (Fig. 17.1, Chapter 40) can be scheduled for times 


(B) 


Figure 17.1 Placing glider poles behind safety rails with enough clearance for truck access and solid ground (A) allows year-round 
access without the added cost of traffic control (B). Source: Photographs by R. van der Ree. 
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of year when the ground is dry enough to drive a travel 
tower on site. Emergency repairs during winter may 
need to be delayed until the ground dries out or could 
involve expensive earthworks if needed urgently. 
Earthworks to improve access to a mitigation measure 
(e.g. improving drainage and laying a stable base, 
avoiding steep access tracks, filling in of ditches) that 
are completed during the construction process will be 
more cost-effective than trying to retrofit to a completed 
project. 


CONCLUSIONS 


Transportation agencies have standard maintenance 
programmes for road assets that must be modified 
to include the specialised needs of wildlife mitigation 


measures. Due to the wide variety of mitigation meas- 
ures deployed around the world and their diverse range 
of specific goals, it is impossible to develop a one-size- 
fits-all maintenance programme within the limits of 
this chapter. We advocate a common-sense approach 
based on the needs of the target species initially, with 
regular review and adaptation over time to refine the 
programme. Importantly, we recommend a greater 
level of cooperation and sharing of knowledge among 
agencies to ensure functional integrity of mitigation 
measures and avoid costly mistakes. 
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SUMMARY 


Natural light plays an integral role in biological systems, one that can be disrupted by the intrusion of other 
light sources. Specifically, artificial lighting, including road lighting, poses negative effects on plant and 
animal physiology, animal behaviour and predation rates. These effects are cumulative as multiple, artificial 
light sources contribute. 

18.1 Light functions as a natural stimulus. 

18.2 Metrics used to quantify artificially produced light are generally not biologically relevant. 

18.3 Species response to artificial light varies by visual system. 

18.4 Light emitted varies relative to the type of lighting technology. 

18.5 Planning for road lighting must include zoning relative to light levels and light-fixture placement. 
18.6 Mitigating the negative effects of road lighting requires research collaboration. 

Negative effects of artificial lighting, including road lighting, are manageable. By better understanding 
the ecosystems through which roads pass and how light affects resident organisms, we can adapt lighting 
fixtures, fixture design and zoning to minimise site-specific effects, as well as contributions to cumulative 
light pollution. 
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INTRODUCTION 


A critical aspect of road planning involves driver and 
pedestrian safety, and road lighting is a key compo- 
nent (IDA/IES 2011). However, decisions on how, 
where and when to use artificial lighting have immedi- 
ate implications for the well-being of ecosystems 
through which roads pass. Specifically, light is a natu- 
ral stimulus that affects the physiology, behaviour and 
movements of all organisms. Artificial lighting alters 
the length of natural photoperiod (duration of daily 
exposure to light) and contrasts in intensity and spec- 
trum with natural, ambient light, thus unavoidably 
affecting the sensory ecology of organisms. Further, 
artificial light poses cumulative effects on ecosystems 
because multiple light sources are often present in a 
given area (Fig. 18.1). Cumulative effects are expressed 
differentially across species, because not all light 
sources are equal in their effects on physiology or 
behaviour. 

To mitigate negative effects to natural systems by 
artificial lighting used on roads, planners must first 
consider whether lighting is necessary. If so, they 
must consider not only the varying sensitivity of the 
human eye to different light wavelengths relative to 
driver and pedestrian safety but also the biological 
relevance of lighting to the resident organisms. Our 
goal is to provide road practitioners, engineers 
and ecologists with a concise review of resources 


available to aid in the reduction of the negative 
effects of road lighting on ecosystems. 


LESSONS 
18.1 Light functions as a natural stimulus 


Light exists as particles (photons) and waves and is 
described relative to wavelength (Fig. 18.2). Natural 
light plays a significant role in the sensory ecology of 
animals, particularly with regard to photoperiod, 
which stimulates (i) circadian rhythms important to 
the basic health and development of plants and ani- 
mals (e.g. growth, reproduction and disease resistance) 
and (ii) daily and seasonal physiology and behaviour of 
animals (e.g. foraging, breeding, dispersal and migra- 
tion). In addition, animals use light cues in predator 
detection, habitat selection and vehicle avoidance 
(Gaston et al. 2012, 2013). 


18.2 Metrics used to quantify artificially 
produced light are generally not biologically 
relevant 


Consideration given to design of light fixtures and emis- 
sion spectra (i.e. the distribution of wavelengths emit- 
ted by a lamp; Fig. 18.2) generally fails to consider the 


Figure 18.1 Multiple light sources, including road lighting, from Dubai, UAE, contributing to cumulative artificial light 
pollution. Photograph credit: Expedition 30 Crew to the International Space Station for the Earth Observations Experiment 
and Image Science & Analysis Laboratory, Johnson Space Center; U.S. National Aeronautics and Space Administration (http:// 
earthobservatory.nasa.gov/IOTD/view.php?id=7 7360). Source: Photograph from Earth Observatory, NASA. 
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Figure 18.2 The electromagnetic spectrum and the portion of the spectrum visible to most animals, represented in 
nanometres (nm or 1 x 107° m) from 400 to 700 nm. Notably, many non-primate species of animals have the capability to detect 
wavelengths in the near ultraviolet (300-400 nm). Figure credit: U.S. National Aeronautics and Space Administration; http:// 
science-edu.larc.nasa.gov/EDDOCS/Wavelengths_for_Colors.html. Source: NASA. 


biological relevance of the light stimulus. For example, 
light emitted from artificial sources is typically not 
quantified relative to wavelength, but in lumens (i.e. the 
luminous flux or power from a light source) and illumi- 
nance (the total luminous flux incident on a surface 
per unit area). However, we cannot effectively under- 
stand animal response to light stimuli if the measure- 
ments (metrics) of fixture design and performance are 
in units of power. 

Plants and animals respond directly to the intensity 
or number of photons per wavelength striking 


photoreceptors in their eyes (Endler 1990; Rich & 
Longcore 2006; Gaston et al. 2013). For example, 1 W 
of light at 400nm (Fig. 18.2) has only 57% of the 
photon flux as 1 W of light at 700nm (Endler 1990). 
In other words, the total energy reported is 1W at 
both wavelengths, but the biologically relevant metric, 
photon flux by wavelength, differs by greater than 
50%. As such, the lumen and luminous flux are inac- 
curate metrics for discerning biological effects because 
they do not take into account the density of photons 
striking photoreceptors. We suggest that light fixtures 
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and potential effects on organisms be evaluated rela- 
tive to emission spectra and biologically relevant light 
intensity within the area of incidence (i.e. the area 
illuminated). This task will require collaboration 
among planners, lighting engineers and ecologists 
(Lesson 18.5). As for actual measurements, these 
should be taken via spectroradiometer. 


18.3 Species response to artificial light 
varies by visual system 


Effective planning for road lighting should consider how 
light affects organisms in roadside habitats. Fortunately, 
recent research (e.g. Rich & Longcore 2006; Horvath et 
al. 2009; IDA 2010; Gaston et al. 2013) details the neg- 
ative effects of artificial lighting on various species and 
ecosystems. In short, planning for road lighting relative 
to potential biotic effects must consider that relative 
brightness of artificial light and effects of emission spec- 
tra on organisms vary with the sensory (plants) and 
visual physiology of the animals affected. 

For example, human vision is trichromatic, meaning 
that we possess three independent channels for detecting 
and processing colour. However, many non-primate ani- 
mals perceive the world in a much different way. Birds are 
generally tetrachromatic and capable of detecting wave- 
lengths within the ultraviolet portion of the electromag- 
netic spectrum (Hart 2001; Fig. 18.2), whereas few bird 
species rely on scotopic or rod-dominated vision (i.e. rod 
photoreceptors are primarily sensitive to light intensity, 
such as under dim-light conditions). Further, the ability to 
perceive colour is dependent on the number of different 
visual pigments present in cone photoreceptors. 

The influence of natural light is evident with 
changes in photoperiod that influence the timing of 
seasonal events in birds (e.g. effects on breeding physi- 
ology) and even mate selection (Dawson et al. 2001; de 
Molenaar et al. 2006). The addition of artificial light 
can interfere with this natural stimulus (de Molenaar 
et al. 2006). Also, a light-sensitive ‘magnetic compass’ 
aids orientation during night-time migration (espe- 
cially when cloud cover prevents the use of stars as 
visual cues); this innate navigational ability can be 
confounded by specific wavelengths from artificial 
lighting (e.g. >500 nm; Poot et al. 2008). 

Perhaps the most well-known effect of artificial light 
on birds is the attraction to, and disorientation by, high- 
intensity glare from warning beacons on communica- 
tion towers, offshore oil platforms and other structures 
(Gauthreaux & Belser 2006). Birds migrating at night 
and attracted to such lighting can become ‘trapped by 


the beam’ (Verheijen 1985) and subsequently die from 
direct collisions with structures or other birds or indi- 
rectly by depletion of energy reserves expended while fly- 
ing towards or around artificial lights. Bird attraction to 
artificial lights is more pronounced on cloudy and misty 
nights than clear nights (Montevecchi 2006). Artificial 
lighting can also affect the quality of breeding habitat 
and timing of breeding (de Molenaar et al. 2006), prey 
availability (Negro et al. 2000), singing patterns (Miller 
2006) and foraging and potentially increase exposure to 
predators by drawing birds to artificially lit areas (Santos 
et al. 2010). However, the primary negative effect of road 
lighting on birds is the contribution to cumulative light 
pollution of reflected or escaping light skywards from 
multiple light sources (Fig. 18.1) (light that interferes 
with detection of celestial migration cues), a problem 
that can be managed by fixture design (Lesson 18.4; 
Fig. 18.3) and zoning (Lesson 18.5). 

In contrast, the visual capability of bats is primarily 
rod dominated, and species response to road lighting 
varies by level of illumination and area affected (Lesson 
18.5). Foraging opportunities for bats can be enhanced 
due to insect attraction to light (Eisenbeis 2006; Lesson 
34.3), but increased competition with other bat species 
and avoidance of lighting can also pose negative effects 
(Rydell 2006; Zurcher et al. 2010; Stone et al. 2012). 
Bats attracted to road lighting are also susceptible to 
vehicle collisions (Zurcher et al. 2010; Chapter 34). For 
the most part, however, effects of road lighting on bat 
species are manageable via attention to light-fixture 
location, lamp illuminance and shielding (Fig. 18.3; 
Lessons 18.4 and 18.5). 

Similarly, other terrestrial mammal species (e.g. 
rodents) are also susceptible to disruption in photoper- 
iod and migration, as well as enhanced predation asso- 
ciated with artificial lighting. As with bats, light-fixture 
location, lamp illuminance and shielding (Lessons 
18.4 and 18.5) can be adapted to the particular species 
affected by road lighting (see Rich and Longcore 
(2006) for detailed discussion of artificial lighting 
effects on terrestrial mammals). 

Few studies have examined the effects of road lighting 
on amphibians and reptiles or reported biologically rele- 
vant metrics of light intensity for these species or other 
taxa (Perry et al. 2008). An exception is the well- 
documented negative effect of artificial lighting on sea 
turtles (Salmon 2006). Also, as with birds, the magnetic 
compass in amphibians is affected by light wavelengths 
greater than 500nm (Diego-Rasilla et al. 2010), a spec- 
tral range falling within that of sodium-vapour lamps 
often used along roads (Rydell 1992). An effective man- 
agement approach to reduce negative effects of road 
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Figure 18.3 (A) Unshielded and shielded light showing light escaping. (B) Examples of fully shielded lamp fixtures intended 
for structures as well as road applications. Source: Reproduced with permission of R. Crelin (www.BobCrelin.com). 


lighting on amphibians and reptiles includes species- 
specific considerations relative to light-fixture location, 
position above or in the road (i.e. road-embedded light- 
ing), emission spectra and intensity, shielding (Fig. 18.3) 
and on/off schedules (Lessons 18.4, 18.5 and 18.6). 


18.4 Light emitted varies relative to the 
type of lighting technology 


Current options for selection of road lighting technol- 
ogy include standard high-intensity discharge sources 
(a lamp technology with emission from 550 to 650 nm; 


Rich & Longcore 2006; Fig. 18.2) and the more 
recently introduced solid-state light-emitting diodes 
(LEDs), often marketed as ‘cool white’ LEDs. Despite the 
name (associated with how humans perceive light 
from these devices), energy emitted by these LEDs com- 
monly include wavelengths from 450 to 460 nm, thus 
falling into the blue range of the electromagnetic spec- 
trum (IDA 2010; see also Gaston et al. 2012; Fig. 18.2). 
Advocates of these devices contend that they afford 
lower illumination levels because of the sensitivity of 
human rod cells to shorter wavelengths (IDA 2010; 
Falchi et al. 2011). However, caution is recommended 
when considering widespread use of this lighting. 
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Unnatural levels of exposure to wavelengths less than 
500 nm can pose far greater deleterious effects on ani- 
mals, including humans (e.g. disruption in circadian 
rhythms and metabolic function), than sources with 
emissions greater than 500 nm (IDA 2010; Falchi et al. 
2011; Gaston et al. 2012). 

In addition, lamp type also influences fixture tem- 
perature which, with emission spectra, contributes to 
insect attraction, as well as energy required for full 
illumination (Eisenbeis 2006). Attraction of inverte- 
brate prey can influence foraging and imbalanced 
competition among bat species (Stone et al. 2012), as 
well as increased mortality to some insect species 
(Eisenbeis 2006). 


18.5 Planning for road lighting must 
include zoning relative to light levels 
and light-fixture placement 


Questions that should be asked during road planning 
include: What level of illumination is required, if any? 
How would planned lighting contribute to cumulative 
artificial light pollution within an ecosystem? What 
emission spectra would pose fewer direct negative con- 
sequences to species exposed to lighting? How might 
lighting indirectly affect animals by attracting and 
concentrating prey? How might light-fixture design, 
zoning and placement help reduce negative effects on 
organisms? Typically, recommended light-fixture type, 
area of effect and cumulative illumination by road 
lighting vary by human population density, level of 
human activity and the interspersion of protected 
natural areas. 

The IDA/IES (2011) provides zoning guidance to bal- 
ance illumination relative to the needs of people and 
ecosystems adjacent to the road, though guidance is not 
specific to biological light intensity. Within specified 
zones, and considering the type of site (e.g. road through 
residential or non-residential area), the IDA/IES recom- 
mends Total Initial Luminaire (TIL; lumens per site) and 
Maximum Allowable Backlight, Uplight and Glare (i.e. 
‘BUG’) ratings. Essentially, each zone and associated TIL/ 
BUG rating represents a broad approach to mitigating 
effects of light pollution. In addition, fixture orientation 
and shielding (also affecting the TIL/BUG rating) should 
limit upward incidental reflection or direct emission so 
as to reduce light escaping skywards (Fig. 18.3), which 
contributes to skyglow and attraction of insects or 
migrating birds (Eisenbeis 2006; Salmon 2006; 
Luginbuhl et al. 2009; Falchi et al. 2011; IDA/IES 
2011). The IDA/IES (2011), in particular, provides a 


thorough summary of application type, fixture/lamp 
designs, associated metrics describing light properties 
and guidance on zoning and BUG ratings. 


18.6 Mitigating the negative effects of 
road lighting requires research 
collaboration 


Ultimately, effective mitigation of the effects of road 
lighting on ecosystems requires communication 
among road planners, lighting engineers and ecolo- 
gists. An example of such collaboration is an advance 
in lighting technology that allows for complete elimi- 
nation of traditional overhead road lighting where the 
intent is for driver orientation and not roadside illumi- 
nation. Specifically, Bertolotti and Salmon (2005) and 
Salmon (2006) showed that road-embedded LEDs 
along Highway A1A in Boca Raton, Florida, United 
States, prevented stray light from reaching nearby 
beaches, thus reducing the nocturnal disorientation of 
dispersing sea turtle hatchlings. In addition, we sug- 
gest that future research in the development of lighting 
technology and application consider (i) light-fixture 
performance measured in terms of biologically rele- 
vant light intensity; (ii) lamp designs that are easily 
adaptable to wavelength and intensity requirements; 
and (iii) daily and seasonal scheduling for operation 
relative to the ecosystem affected. 


CONCLUSIONS 


Depending upon concerns for driver or pedestrian 
safety, an obvious solution to managing negative 
effects of road lighting in conservation areas is to avoid 
the use of road lighting altogether. However, where 
lighting is deemed necessary, it is also important to rec- 
ognise that a ‘one-size-fits-all’ approach to road light- 
ing will not minimise negative effects to ecosystems. 
Collaboration among planners, lighting engineers and 
ecologists will allow for the tailoring of lighting tech- 
nology that maximises driver and pedestrian safety 
while reducing or eliminating the effects of artificial 
light on ecosystems. Where data on wavelength sensi- 
tivity of affected taxa are unavailable, we suggest that 
a conservative approach is to reference findings from 
taxonomically related species. These findings might 
include behavioural responses to biologically relevant 
measures of emission spectra or to light measured at 
levels of luminous flux (see Gaston et al. (2013)). 
Another option is to make conservative decisions on 
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lighting (e.g. avoiding emission spectra <500 nm; see 
Lesson 18.4). We also concur with Falchi et al. (2011) 
that where artificial lighting is necessary, these sources 
should (i) not release light directly at and above the 
horizontal; (ii) limit downward emission outside the 
area to which lighting is required; (iii) limit emission of 
short-wavelength spectra; (iv) be zoned and spaced to 
minimise unnecessary lighting; and (v) be operated via 
on/off scheduling where appropriate. 
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FURTHER READING 


Endler (1990): Suggested a quantitative approach to measure 
colour reflected from animals and their visual backgrounds 
relative to the conditions of ambient lighting, an approach 
distinguished from use of measures of energy flux. 

Fahrig and Rytwinski (2009): Review of the empirical litera- 
ture on effects of roads (including effects such as road light- 
ing) and traffic on animal abundance and distribution. 

Forman et al. (2003): The first detailed and wide-ranging 
book on road ecology. 

Gaston et al. (2013): Proposed a framework for consideration 
of how artificial lighting alters natural light regimens and 
influences biological systems. 

Rich and Longcore (2006): Published the first detailed assess- 
ment of the negative consequences of artificial night light- 
ing on ecosystems. 
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SUMMARY 


Roads and traffic alter the physical environment of species and ecological communities. They also change 
their acoustic environment through the introduction of noise, both during construction and when a road is 
open to traffic. Road-construction noise, such as that produced during earthworks, pile driving and road 
surfacing, can be of high intensity but usually of limited duration. In contrast, road-traffic noise is often 
persistent over time — busy highways can carry substantial traffic for many hours per day, day after day and 
year after year. Road noise has a number of ecological impacts on wildlife living in nearby habitats. 

19.1 Road noise may be stressful for animals. 

19.2 Road noise makes it harder for animals to hear each other, their predators and their prey. 

19.3 Road noise may cause temporary or permanent hearing loss in animals. 

19.4 High levels of road-construction noise may cause other injuries to animals in aquatic habitats. 
19.5 Animals and their acoustic environment may need protection from road noise. 

19.6 Mitigation of road noise to protect animals and their acoustic environment should be considered 
prior to road construction. 

19.7 There is an urgent need for more research into the various effects of road noise on animals and 
their ecological communities. 

Road noise has a variety of ecological impacts, including effects on the physiology, behaviour, communica- 
tion, reproduction and survival of animals that live in or move through the noise-affected areas. While further 
research is required to better understand the ecological consequences of introducing road-construction and 
road-traffic noise to a given habitat, measures to mitigate the known impacts of road noise on wildlife should 
be implemented as part of new road projects. Further research will also help to improve the effectiveness of 
measures to protect animals and their acoustic environment from road noise. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
Companion website: www.wiley.com\go\vanderree\roadecology 


151 


152 Handbook of road ecology 


INTRODUCTION 


Sound is a radiant energy, transmitted as waves of pres- 
sure through a material medium such as air, water or 
soil. The pressure of a simple sound cycles up and down 
in a regular pattern over space and time. The frequency 
(or pitch) of a sound, measured in hertz (Hz), is the 
number of cycles it completes per second. The ampli- 
tude (also known as volume or loudness) of a sound can 
be measured in pressure or intensity, and both are 
expressed in decibels (dB). The decibel level of a sound is 
expressed relative to a reference pressure, commonly 
20 pPa in air and 1 pPa in water. As the decibel scale is a 
logarithmic scale, an increase of 10dB corresponds to 
a 10-fold increase in amplitude. A-weighted decibels, 
abbreviated to dB(A) or dBA, describe the relative loud- 
ness of sounds in air as perceived by humans. 

Noise can be defined as unwanted sound or as the 
background sound found in any environment. Road 
noise — including the noise generated during road con- 
struction (road-construction noise) and the noise 
caused by vehicles travelling on existing roads (road- 
traffic noise) — differs from natural noise in a number of 
ways. During road construction, heavy machinery is 
used to clear vegetation, move rocks and soil and pre- 
pare the road surface. In addition, blasting and pile 
driving may be used during construction of tunnels 
and bridges. Road-construction noise can be of high 
intensity but usually of limited duration, ranging from 
weeks to months at a given location. In contrast, road- 
traffic noise is usually of a lower intensity than road- 
construction noise but more persistent over time. 
Road-traffic noise is generally louder and lower pitched 
than natural noise, with much of its energy occurring 
in the lower-frequency bands below 2000 Hz (Patricelli & 
Blickley 2006). Depending on the volume and speed of 
traffic, local topography, road surface and prevailing 
weather conditions, the noise of vehicles travelling on 
aroad can extend more than 2 km across the landscape 
on either side (also known as the road-effect zone; 
Lesson 1.2). Road noise has a range of ecological 
impacts, and it is important to consider these when 
planning new roads or when attempting to reduce the 
impact of noise from existing roads on wildlife. 

The aim of this chapter is to summarise the impor- 
tant effects of road noise (including road-construction 
noise and road-traffic noise) on ecological communi- 
ties and to discuss noise-mitigation options that may 
help to protect animals and their acoustic environ- 
ment. Just as an animal lives in, and may be adapted to, 
a particular physical environment (e.g. a forest, a 
desert or a seagrass meadow), it also lives in, and may 


be adapted to, a particular acoustic (sound) environ- 
ment (Morton 1975). Road noise can disrupt the 
acoustic environment of animals, with a number 
of important ecological consequences (Barber et al. 
2010; Slabbekoorn et al. 2010). 


LESSONS 


19.1 Road noise may be stressful 
for animals 


The noise of road construction and road traffic can 
startle nearby animals, causing a physiological stress 
response (Kight & Swaddle 2011). As a consequence, 
animals may move away from the noise-affected area, 
either temporarily or permanently. Permanent avoid- 
ance of areas affected by road noise will lead to a per- 
manent decrease in the amount of habitat available for 
noise-sensitive species. In places with a high density of 
roads, such as parts of Europe and North America, this 
decrease can be quite dramatic (Forman & Deblinger 
2000; Barber et al. 2010). On the other hand, noise- 
sensitive animals that do not or cannot move away 
from areas close to busy roads will experience ongoing 
exposure to road-traffic noise, which may lead to 
chronic physiological stress (McEwen & Wingfield 
2003; Blickley et al. 2012b). This, in turn, can lead to 
secondary effects such as weakened immune function 
and reduced breeding success (Wikelski & Cooke 2006; 
Kight & Swaddle 2011; Blickley et al. 2012b). 

An experimental study of greater sage-grouse in 
North America found that male birds avoided lekking 
sites (places they call from to attract females for mating) 
where speakers played recorded traffic noise (Blickley 
et al. 2012a). Over three breeding seasons, the abun- 
dance of males was 73% lower at lekking sites with 
road noise than at quiet control sites. In addition, male 
birds that did use the noisy lekking sites had higher lev- 
els of stress hormones (glucocorticoids) than males at 
quiet sites (Blickley et al. 2012b). These results show 
that chronic road noise can cause sage-grouse to avoid 
otherwise suitable habitat and can increase stress levels 
in the male grouse who remain in noisy areas. In 
marine habitats, some species of seals, porpoises and 
dolphins have been observed to move away from areas 
affected by pile-driving noise for the duration of con- 
struction works, although in at least one case, Indo- 
Pacific humpback dolphins returned when construction 
had finished (reviewed in Jefferson et al. (2009)). 

A recent study of great tits in the Netherlands found 
that breeding success was lower in noisy areas close to 
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a busy motorway, with female birds laying smaller 
clutches of eggs and fewer chicks fledging than in qui- 
eter areas nearby (Halfwerk et al. 2011). Earlier 
research in the Netherlands found reduced bird densi- 
ties next to noisy roads (Reijnen et al. 1995, 1996) and 
that territories near busy roads were more likely to be 
occupied by inexperienced male birds who then strug- 
gled to attract a mate (Reijnen & Foppen 1994). 
Similarly, a range of large mammals are known to be 
less abundant in habitats near roads, including cari- 
bou, African elephant, zebra and blue wildebeest 
(Newmark et al. 1996; Benitez-Lopez et al. 2010). In 
many of these examples, it is unclear whether the 
observed effects of roads are due to physiological stress 
caused by road noise, difficulty communicating in 
noise (Lesson 19.3) or the nearness of vehicles travel- 
ling on the road. The design of these studies means 
that different effects of roads such as noise, visual dis- 
turbance or mortality caused by collision with vehicles 
cannot easily be separated. 


19.2 Road noise makes it harder 
for animals to hear each other, their 
predators and their prey 


Many animal groups — including insects, fish, frogs, 
birds and mammals — communicate using sound. For 
example, birds use songs and calls to attract mates; 
defend territories from rivals; keep in contact with their 
mate, parent or chicks; beg for food; and warn other 
birds of danger from potential predators. In addition, 
many animals rely on hearing to detect the sound of 
approaching predators or the location of potential 
prey. Acoustic interference or masking occurs when 
background noise reduces the distance over which a 
sound can be detected. While animals have a number 
of strategies to make themselves heard in a background 
of natural noise (e.g. Brumm & Slabbekoorn 2005), 
those that live in habitats near roads must also contend 
with noise from road construction and road traffic. 
Acoustic interference from road noise can disrupt 
important social interactions among animals and may 
have significant consequences for both individuals and 
populations. These include difficulty attracting and 
maintaining a mate, reduced breeding success, popula- 
tion declines and changes in the composition of ecologi- 
cal communities in areas affected by road noise (Patricelli 
& Blickley 2006; Kight et al. 2012; Proppe et al. 2013). 
While some animals are known to sing or call differently 
in road-traffic noise to increase the distance over which 
they can be heard (e.g. singing or calling more loudly, at 


ahigher pitch or at quieter times of the day to avoid peak 
periods of road-traffic noise; Barber et al. 2010), these 
changes are not large enough to regain all the commu- 
nication distance that is lost (Parris et al. 2009; Parris & 
McCarthy 2013; Textbox 19.1). 

Acoustic interference from road noise may also 
increase the vulnerability of animals to predators or 
decrease foraging success by animals that rely on 
sound to detect their prey (Barber et al. 2010). High 
levels of background noise increase watchfulness (also 
known as vigilance behaviour) in animals; because 
they cannot hear predators approaching, animals 
spend more time watching out for them and less time 
foraging for food (Barber et al. 2010). There is also evi- 
dence that animals such as bats avoid foraging near 
noisy highways where it would be difficult to hear their 
prey (Schaub et al. 2008). A recent behavioural experi- 
ment using simulated highway noise found that the 
foraging efficiency of the greater mouse-eared bat 
declined dramatically as it moved closer to the simu- 
lated road (Siemers & Schaub 2011; Chapter 34). 
These kinds of noise effects may have further conse- 
quences for predator—prey interactions and food webs 
in ecological communities (Siemers & Schaub 2011). 


19.3 Road noise may cause temporary or 
permanent hearing loss in animals 


The noise of road construction or road traffic may 
cause temporary or permanent hearing loss in animals 
in nearby habitats. The hearing threshold of an animal 
refers to the point at which a sound is just loud enough 
to be heard — the higher the threshold, the louder the 
sound must be to be detected. High levels of noise can 
damage the cochlea in the inner ear, leading to a tem- 
porary or permanent increase in the hearing threshold 
of affected animals (Kight & Swaddle 2011). These 
kinds of auditory injuries can result from a single, 
extreme noise event or from chronic exposure to high 
levels of noise. In general, the higher the noise level 
and the longer it continues, the greater the change in 
hearing threshold, the longer it will take until normal 
hearing is recovered, and the greater the chance of per- 
manent hearing loss (Kight & Swaddle 2011). 

An early laboratory study of the effects of vehicle 
noise on species accustomed to a quiet, desert environ- 
ment exposed the Mojave fringe-toed lizard and the 
desert kangaroo rat to 10 minutes of intermittent 
dune-buggy noise (Brattstrom & Bondello 1983). Both 
species suffered hearing loss for a number of weeks 
and during this time were unable to detect and respond 
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»xtbox 19.1 Effects of road-traffic noise on the grey shrike-thrush 


The grey shrike-thrush is a common, sedentary 
Australian songbird (Fig. 19.1) found in a variety of habi- 
tats including forests and woodlands. The song of the 
grey shrike-thrush is melodious and varied, containing 
pure tones, trills and whistles. Males sing to attract a 
mate, while both males and females sing to defend ter- 
ritories from neighbouring birds (Higgins & Peter 2002). 
The frequency (pitch) of the grey shrike-thrush song 
overlaps the frequency of road-traffic noise, so we 
would expect these birds to have difficulty hearing each 
other in areas with high levels of road-traffic noise. 

Parris and Schneider (2009) studied the effects of 
road-traffic noise and daily traffic volume on the grey 
shrike-thrush at 58 roadside sites on the Mornington 
Peninsula in south-eastern Australia. The roads ranged 
in size from narrow, unsealed roads with very little 
traffic to multi-lane freeways carrying 32,000 vehicles 
per day. However, each road had a narrow strip of 
native vegetation on each verge, providing habitat for 
birds and other animals (Fig. 19.2). This study design 
reduced other habitat differences between quiet and 
noisy sites that may have influenced the birds. 


ir 1 The grey shrike-thrush. Source: 
Brigada by and reproduced with permission of Rob 
Drummond/Lochman Transparencies. 


As the level of traffic noise at a study site increased, 
the grey shrike-thrush sang at a higher frequency 
(Fig. 19.3). While this change would help it to be heard 
above the noise of the traffic, it is not large enough to 
overcome the masking effect of the noise entirely — 
the bird would only get back around 10% of the com- 
munication distance lost in noise (Parris & McCarthy 
2013). In addition, the chance of finding one or more 
grey shrike-thrushes on a visit to a site decreased 
from around 85% at the quietest sites to 15% at the 
noisiest sites (Fig. 19.4), suggesting that the birds are 
less likely to be present at noisier sites. Acoustic 
interference from road-traffic noise may be making it 
more difficult for these birds to establish and maintain 
territories, attract mates and maintain pair bonds, 
possibly leading to reduced breeding success in 
noisy roadside habitats (Parris & Schneider 2009). 
Given the narrowness of the roadside verges and the 
active nature of these birds, we would expect to 
detect the birds if they were present, even in very 
noisy conditions. 


ul 2 A roadside study site on the Mornington 
Penineulat in south-eastern Australia, showing the 
narrow strip of Eucalyptus woodland on each side of the 
road. Source: Photograph by Kirsten Parris. 
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Figure 19.3 The grey shrike-thrush increases the frequency of its song (as measured by the dominant frequency of the 
lowest note) as the level of traffic noise at a site increases. The sound-pressure level of the traffic noise is expressed as L, 
18 hdB (A), which is the 90th percentile of the distribution of traffic noise experienced in the 18 hours between 6 am 
and midnight. The solid green line shows the predicted relationship, the dotted green lines the 95% credible intervals, 
and the purple circles the data points, with one point for each site where the species was recorded. Source: Adapted from 
Parris and Schneider (2009). © Kirsten Parris. 
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Figure 19.4 The grey shrike-thrush was less likely to be found at sites with high levels of traffic noise, with the chance 
of detection decreasing as the level of traffic noise increased. The sound-pressure level of the traffic noise is expressed as 
Lio 18hdB (A), which is the 90th percentile of the distribution of traffic noise experienced in the 18 hours between 6am 
and midnight. The solid green line shows the predicted relationship, and the dotted green lines the 95% credible 
intervals. Source: Adapted from Parris and Schneider (2009). © Kirsten Parris. 
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to recorded calls of their predators. More recent 
research has focused on acoustic injury in fish caused 
by road-construction noise in aquatic habitats, such 
as impulsive noise from pile driving (reviewed in 
Popper and Hastings (2009) and Slabbekoorn et al. 
(2010)). While more research is needed on the effects 
of road noise on hearing in birds, continuous noise 
above 93 dB(A) may cause a temporary increase in the 
hearing threshold of birds, while impulsive noise 
above 125 dB(A) may cause permanent hearing dam- 
age (Dooling & Popper 2007). 


19.4 High levels of road-construction noise 
may cause other injuries to animals 
in aquatic habitats 


Construction of bridges or causeways across shallow 
bodies of water such as bays and estuaries often 
involves the driving of supporting piles into the marine 
substrate. Depending on the substrate, depth and the 
size of a project, pile driving can continue for many 
days or even months (Jefferson et al. 2009). Pile driv- 
ing can produce such high levels of impulsive sound 
that the pressure waves of sound moving through the 
water cause internal injuries to fish. This type of injury 
is known as barotrauma and results from rapid changes 
in the volume of gases within the body of the fish 
and in the solubility of gas in its blood and tissues 
(Halvorsen et al. 2012). Barotrauma injuries caused 
by underwater sound waves include emboli (gas bub- 
bles that form in the blood and tissues when gas leaves 
solution), resulting tissue damage, and the rapid 
expansion of gas-filled organs such as the swim blad- 
der. In more extreme cases, the swim bladder may rup- 
ture, or gas bubbles in the gills or heart may kill the fish 
instantly (Halvorsen et al. 2012). 

Acontrolled laboratory study identified the threshold 
for the onset of injury to juvenile Chinook salmon as a 
cumulative sound exposure level of 210dB re 1 pPa?.s 
(Halvorsen et al. 2012). This exposure level could be 
achieved, for example, from 960 pile-driving strikes at a 
sound exposure level of 180dB re 1 Pa?.s each (the 
typical number of strikes needed to drive a single pile). 
If this threshold were to be exceeded, it would be likely 
to affect the survival of the exposed fish. However, in a 
later study, this level of sound exposure caused substan- 
tial barotrauma in another species of fish, the hybrid 
striped bass (Casper et al. 2013). Impulsive sound from 
pile driving may occasionally be intense enough to 
cause barotrauma in small marine mammals such as 
dolphins and porpoises (Jefferson et al. 2009). 


19.5 Animals and their acoustic 
environment may need protection from 
road noise 


Given the variety and potential seriousness of its ecologi- 
cal impacts, animals and their acoustic environment 
may need protection from road noise. This will particu- 
larly apply in areas supporting populations of threat- 
ened species or where levels of road-construction or 
road-traffic noise are expected to be high. Measures that 
can be used to mitigate road noise vary depending on 
the type of noise (road-construction or road-traffic 
noise), the size of the road and expected traffic volumes 
and the type of habitats that may be affected by noise 
(terrestrial or marine). However, one widely applicable 
approach is to reduce or exclude the noise-generating 
activity at times when and places where animals of con- 
cern are known to be present or are expected to be par- 
ticularly vulnerable to the effects of noise. In terrestrial 
habitats, this could include ceasing road construction, 
closing roads or reducing traffic speeds (and thus traffic 
noise) during the breeding season of animals that com- 
municate using sound, such as birds and frogs (Parris 
et al. 2009; Halfwerk et al. 2011). In marine habitats, 
pile driving could stop during the main calving season 
of mammals, as it does in Hong Kong to protect mothers 
and calves of the finless porpoise and Indo-Pacific 
humpback dolphin (Jefferson et al. 2009). However, this 
approach requires information on the distribution and 
breeding activities of the animals in question. 

A number of other measures have been trialled to 
reduce the impact of pile-driving noise on fish and 
mammals in marine habitats, such as ramping up and 
the use of air-bubble curtains or jackets (Jefferson et al. 
2009; Popper & Hastings 2009). Ramping up, in which 
the intensity of pile driving starts at a low level and 
then increases over time, is intended to warn fish and 
other marine animals and give them a chance to leave 
the area before sound-pressure levels are high enough 
to be dangerous. More research is needed on the best 
way to use this strategy for different groups of animals 
(Jefferson et al. 2009). Curtains of air bubbles can also 
be used to reduce the transmission of underwater 
sound. A small-scale experimental study in Denmark 
found that noise levels from pile driving were reduced 
substantially when such a curtain was in operation, 
and avoidance behaviour seen in nearby, captive har- 
bour porpoises before the curtain was installed was no 
longer observed (Lucke et al. 2011). 

Sound barriers have been used for decades to protect 
humans from high levels of road-traffic noise. However, 
they are rarely used specifically to protect non-human 
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animals in this way. Sound barriers are usually con- 
structed of solid materials such as earth, concrete, wood, 
steel or glass and can reach from the ground up to 5m or 
more in height (Figs 33.3 and 33.4). While these kinds of 
structures are very effective at reducing levels of road- 
traffic noise in areas near busy roads, they also form a 
barrier to the movement of many animals that walk or 
hop along the ground, such as mammals, reptiles, 
amphibians and invertebrates. In addition, flying birds 
can collide with sound barriers made of glass unless they 
are patterned or coloured to make them more conspicu- 
ous. While it may be difficult for many ground-dwelling 
animals to cross a busy road safely, it becomes impossible 
where solid sound barriers are installed (Chapter 20). 
Alternatives to solid sound barriers include barriers 
made of dense vegetation or barriers that have a small 
gap at the bottom to allow animals to pass underneath 
them. However, these kinds of barriers may be less effec- 
tive at reducing road noise than solid barriers. The noise 
of vehicles travelling on a road can also be reduced 
through the use of quiet paving materials and by 
improvements in engine, muffler and tyre design. 


19.6 Mitigation of road noise to protect 
animals and their acoustic environment 
should be considered prior to road 
construction 


Given that mitigation of both road-construction noise 
and road-traffic noise may require substantial planning 
and investment, it should be considered in the early 
stages of a road project, well before construction begins 
(Chapters 4 and 9). Suitable preparation will include 
collection of ecological information such as the distribu- 
tion and seasonal activities of different groups or par- 
ticular species of animals in areas to be affected by the 
noise of the road. Planners will then need to consider 
the expected levels of noise during construction and 
when the road is opened to traffic, and choose or develop 
suitable mitigation options. This issue currently receives 
very little attention, particularly in terrestrial habitats. 


19.7 There is an urgent need for more 
research into the various effects of road 
noise on animals and their ecological 
communities 


While a range of ecological impacts of road noise have 
been identified, many questions about these impacts 
remain unanswered. Key areas for future research 


include the short- and long-term consequences of road 
noise for social interactions, foraging behaviour, stress 
levels, survival, breeding success and abundance of 
animals such as frogs, fish, birds, bats, invertebrates 
and marine mammals. In addition, much more 
research is needed on the design and effectiveness of 
strategies to mitigate the expected ecological effects of 
road-construction noise and road-traffic noise. The 
best way to improve our understanding of the ecologi- 
cal impacts of road noise (and ways to mitigate them) 
will be to set up well-designed experiments (Chapter 10; 
Fig. 10.3) to address one or more of these questions 
while constructing or operating new roads. 


CONCLUSIONS 


Road-construction noise and road-traffic noise can 
have a multitude of effects on animals and their acous- 
tic environment, in both terrestrial and aquatic habi- 
tats. At the level of an individual animal, these effects 
may include behavioural changes, increased physio- 
logical stress, injury or death. At the level of a popula- 
tion, they may include a lower probability of survival 
and reduced breeding success in habitats affected by 
road noise. As a consequence, animals and their acous- 
tic environment may need protection from high levels 
of noise during road construction and/or operation, 
and suitable noise-mitigation strategies should be con- 
sidered early in the road planning process. 


FURTHER READING 


Barber et al. (2010): Reviews the costs of chronic noise expo- 
sure for terrestrial animals. 

Kight and Swaddle (2011): Reviews the physiological effects 
of noise on animals. 

Slabbekoorn et al. (2010): Reviews the impacts of increasing 
underwater noise on fish. 

Warren et al. (2006): Reviews the effects of urban noise on 
animal communication and animal behaviour. 
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FENCING: A VALUABLE 
TOOL FOR REDUCING 
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COLLISIONS AND 
FUNNELLING FAUNA TO 
CROSSING STRUCTURES 
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SUMMARY 


Fences prevent animals from accessing roads, thereby reducing the rate of wildlife-vehicle collisions 
(WVC). Fences also funnel animals towards crossing structures, making them an essential component 
of the success of this form of mitigation. Fencing can be used for a variety of species, ranging from 
frogs and turtles to deer and bears. Consequently, fence designs are almost as varied as the species 
they target. 

20.1 Fencing is an essential component of mitigation and must be comprehensively integrated into the 
mitigation programme for it to be effective. 

20.2 Fencing must be designed for the target species. 

20.3 Consider alternatives to traditional fences. 

20.4 Animals inevitably breach fences, and when they do, they must be able to exit the roadway. 
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20.5 Fence ends and planned breaks in fences must be designed to reduce the rate of WVC. 
20.6 Fences need to be maintained forever. 

Appropriately designed fences and crossing structures can cost-effectively reduce or eliminate WVC. 
The potential negative effects of fences must also be considered, including increasing the barrier effect 
when installed without crossing structures and mortality of wildlife at fence ends and if poorly designed or 
maintained. Careful consideration of a small number of design and maintenance parameters is essential to 
achieve and maintain effectiveness. 


INTRODUCTION 


Fencing is an integral component of mitigation, and 
its primary purposes are to prevent animals from 
accessing the road (also known as exclusion or bar- 
rier fencing), thereby reducing the rate of wildlife- 
vehicle collisions (WVC), and/or to funnel animals 
towards crossing structures (hereafter funnel fenc- 
ing). Funnel fencing can be shaped like a funnel or 
be parallel to the road, and in both cases, it has the 
effect of directing animals towards crossing struc- 
tures. Fencing and its intended function (i.e. barrier 
or funnel) must be defined relative to the target 
species. For example, frogs can pass directly through 
the large mesh of a deer fence. Similarly, a fence that 
directs long-ranging carnivores towards under- 
passes that are a few kilometre apart (i.e. funnel 
fencing) may act as a barrier fence for smaller ani- 
mals if the crossing structures are beyond their 
movement capabilities. In this book, all fencing 
designed to influence the movement of wild animals 
is called wildlife fencing. This chapter does not focus 
on fencing that is used to demarcate ownership or 
management responsibilities of different parcels of 
land (boundary fencing). 

The first wildlife fences along roads were intended to 
prevent large animals from entering the roadway and 
colliding with vehicles (e.g. Puglisi et al. 1974; Falk 
et al. 1978). Fencing can prevent WVC and is particularly 
effective when combined with properly designed and 
located crossing structures that allow faunal move- 
ment across roads (Dodd Jr. et al. 2004; Huijser et al. 
2007; Dodd et al. 2012; Sawyer et al. 2012). Fence 
designs and standards differ among regions and spe- 
cies, and for some species, alternatives to traditional 
fences are available. The aims of this chapter are to 
highlight the key considerations necessary for an effec- 
tive fencing strategy. 


LESSONS 


20.1 Fencing is an essential component 

of mitigation and must be comprehensively 
integrated into the mitigation programme for 
it to be effective 


The primary role of fences is to reduce the number of 
animals that move onto the road, thereby reducing the 
frequency of WVC that result in human injuries and 
fatalities, property damage and wildlife injury and 
mortality. Effective fences are barriers to movement of 
the target species, and when installed without crossing 
structures can fragment habitat and increase the risk 
of population decline and extinction (Jaeger & Fahrig 
2004). For example, reduced connectivity caused by 
roads, fences and human settlements has resulted in 
wildlife population crashes and local extinction of 
numerous migratory species (Chapters 42, 56 and 58). 
Therefore, it is essential to consider animal movements 
when determining the spacing of crossing structures 
installed with fencing — placing them too far apart and 
beyond distances a given species will travel to find them 
will reduce connectivity. This is particularly problem- 
atic when the same fence acts as a funnel for a highly 
mobile species but acts as a barrier for a less mobile spe- 
cies. In other words, fencing should never be installed 
without considering the movements of both target and 
non-target species (Glista et al. 2009). 

There is clear evidence from around the world that 
the effectiveness of wildlife crossing structures is 
improved when animals are funnelled towards them, 
and fencing is the most effective way to achieve this for 
most species (excluding birds, bats and some arboreal 
animals) (Jackson & Tyning 1989; Gagnon et al. 
2010a; McCollister & Van Manen 2010; Sawyer et al. 
2012; Textbox 20.1). Crossing structures and fencing 
that are designed and installed simultaneously are 
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usually more effective than when installed separately, 
and this approach is also more cost-effective. A tight 
join between a fence and structure is critical to prevent 
breaching by wildlife (Fig. 20.1), and this is more eas- 
ily and cost-effectively achieved when both structures 
are designed and installed as a single unit. Similarly, 
using landscaping, rocks or other material to reduce 
gaps under fences is best achieved when the crossing 
structure is being constructed because earth-moving 
machinery is still on site. Any works that are not part 
of the original construction project (i.e. retrofits to 
improve functionality, repairs, unscheduled mainte- 
nance) will be logistically more difficult and costly 
than if conducted and allowed for during road 
construction. 

Although fences and crossing structures should be 
installed simultaneously, there are many occasions 
where retrofits are justified (Fig. 20.2). Installing fences in 
the absence of other works should be considered when 
(i) rates of WVC are unacceptably high; (ii) wildlife are 
not being adequately funnelled to crossing structures; 
or (iii) there are no short- to medium-term plans to 
rebuild a stretch of road. If existing crossing or drain- 
age structures are adequate for wildlife, fencing retrofits 
are less expensive than a highway upgrade (Aresco 
2005; Gagnon et al. 2010a). There are numerous exam- 
ples from around the world which demonstrate that 
fencing retrofits can have positive outcomes. For exam- 
ple, the number of elk—vehicle collisions along a 48 km 


Figure 20.1 Depending on the species, the join between 
this bridge abutment and fauna fence may be too large, 
allowing animals to breach the fence and access the roadway. 
Source: Photograph by R. van der Ree. 


Figure 20.2 (A) This cost-effective temporary retrofit of a 1.2 m-high livestock fence to a height of 2.4m along Interstate 17 
in Arizona reduced the rate of elk—vehicle collision by 100%. Note the coloured tape on the top strand to warn birds of the new 
fence. (B) Simple wire mesh added to existing guard rail to reduce WVC with snapping turtle, New York. In all mitigation and 
especially retrofits, it is essential to ensure that a cheap option is also ecologically effective. Source: (A) Photograph by J.W. 
Gagnon and (B) Photograph by and reproduced with permission from Tom Langen. 
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stretch of Interstate 17 (I-17) in Arizona, United 
States, exceeded 80 per year. To reduce the number of 
collisions, the standard livestock fencing along a 
9.6km section of I-17 with the highest occurrence of 
elk—vehicle collisions was simply raised to 2.4m. This 
retrofit connected four crossing structures (two 
open-span bridges and two modified highway inter- 
changes), and within the first 2 years, collisions with 
elk were reduced by 100% and use of the two bridges 
increased by 100%. Given the cost and timelines of 
reconstruction for I-17, this relatively inexpensive 
project was a short-term solution until appropriate 
wildlife crossings and fencing could be completed 
(Gagnon et al. 2013). Temporary fencing adjacent to 
construction projects may be necessary to prevent 
wildlife from accessing construction zones and to 
prevent wildlife that flee construction zones from 
moving onto adjacent roads and being involved in 
WVC (Chapter 8). While temporary fences do not 
need to be as solidly built as permanent fencing, they 
still need to be effective and designed for the target 
species (Lesson 20.2). 


20.2 Fencing must be designed for the 
target species 


Fences must be designed with respect to the size, behav- 
iour and jumping or climbing ability of the target spe- 
cies (Woltz et al. 2008; Clevenger & Huijser 2011; 
Grandmaison 2011). Deer and kangaroos typically 
require fences that are at least 2—2.4 m in height, while 
fences 0.2-1.0m in height may be suitable for small 
animals (Fig. 32.4) (Grandmaison 2011; Gulsby et al. 
2011; Andrews et al. 2015; Chapters 31, 32 and 39). 
For species that climb, a smooth fence that provides 


no purchase, or a ‘floppy top’ or ‘overhanging lip’ 
(Fig. 20.4) may be necessary to prevent them from 
climbing over (e.g. Klar et al. 2009). 

Other species are powerful and determined, and 
fences may need to be fortified with heavier gauge wire 
or steel posts to prevent them from breaking the wire or 
pushing the fence down. In some instances, electrified 
fencing may be required, such as for larger ungulates 
or to reduce the potential for larger animals, such as 
bears, from climbing over (Seamans & VerCauteran 
2006; Leblond et al. 2007; Gagnon et al. 2010a; 
Chapters 43 and 54). Mesh size also matters and must 
be small enough to prevent juveniles from passing 
through without their parent. Inappropriate mesh size 
may also cause entanglement (Fig. 58.2), and some 
gliding and flying species may become impaled on 
barbed wire (van der Ree 1999). The base of fences 
may need to be buried or include a skirt to prevent bur- 
rowing animals from breaching the fence. The colour 
and opacity of fences may also influence effectiveness. 
Turtles and amphibians have been recorded moving 
faster along an opaque fence than a translucent or 
transparent one (e.g. desert tortoises, Ruby et al. 
1994). This is probably important because wildlife 
spend less time and energy attempting to find a way 
through a fence if they perceive it as a barrier, which is 
more likely if opaque than translucent or transparent. 
Many types of fencing materials for reptiles and 
amphibians have been experimented with, including 
aluminium flashing, fibreglass and plastics, woven and 
bonded screen and synthetic cloth, and different-sized 
wire mesh (e.g. Ruby et al. 1994; Smith & Noss 2011; 
Chapters 31 and 32). 

Fence designs for many common and large-bodied 
species have been developed and standardised in North 
America, Europe and some other parts of the world 


Textbox 20.1 ‘If you build it they won’t come ... without fencing’. 


Seven open-span bridges, each with 300 m of wildlife 
fencing on each side (i.e. a total of 600m per 
entrance), were constructed in 2003 along an 8km 
stretch of State Route (SR) 260 in central Arizona, 
United States, during an upgrade from a two- to four- 
lane divided highway (Fig. 20.3). After construction, 
researchers monitored WVC, elk and deer use of the 
underpasses via video surveillance, and the rate and 
location of road crossing by 110 elk fitted with GPS 
collars. During 2004, 54 elk—vehicle collisions were 
reported, and only 12% of elk and deer crossed 
SR260 via the underpasses, while the remainder 


avoided the underpasses and crossed the road at 
grade or passed under the bridge of one carriageway 
and entered the roadway via the median. Data from 
the GPS-collared elk was used to identify locations 
where they crossed the highway to determine where 
to add fencing to intercept at-grade crossings. In the 
year following fencing, collisions were reduced by 
87%, and successful use of the underpasses 
increased dramatically (Fig. 20.3). Further, once elk 
were guided to the underpasses, permeability of the 
highway returned to nearly pre-construction levels 
within the first year (Dodd et al. 2007). 
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Figure 20.3 Seven open-span bridges for wildlife (shown in black outline) were constructed along an 8 km stretch of 
State Route 260 in Arizona. Prior to fencing (upper figure), 54 collisions with elk occurred in 1 year (number of elk 
collisions shown in each 0.1 mile segment). Following fencing, collisions were reduced to 8 in the following year (lower 
figure), pointing to the necessity of fencing in the success of wildlife crossing structures. Source: Dodd et al. 2007. 
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4 (A) Floppy top fence for koalas and (B) curved fence for desert tortoise in Arizona. Source: (A) Photograph by R. 


van der Ree and (B) Photograph by and reproduced with permission from Scott Sprague. 
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-5 Examples of combination fencing for multiple species. (A) A 2.4m-high wire mesh fence with sheet metal below 

to prevent arboreal species and kangaroos from climbing or jumping over, Victoria, Australia; (B) fencing for deer and tortoise in 
Arizona; (C) a 0.635 cm, mesh fence for reptiles and amphibians with 1.2 m aboveground and 30cm belowground, with a stock 
fence to 1.5m and ElectroBraid to 2.4m, Florida. Source: (A) Photograph by R. van der Ree, (B) Photograph by J.W. Gagnon and 
(C) Photograph by D.J. Smith. 


(Chapter 59). Information on fence designs for new 
species can be adapted from existing guidelines or 
obtained from zoos, conservation reserves and farms 
and should be experimentally tested (Chapter 10) prior 
to widespread deployment. 

Fencing for a single target species is rarely recom- 
mended because it is often cost-effective to install a 
single fence with different panels or mesh sizes 
(Figs. 20.5A, B and C) that benefit a wide range of 


species for a relatively small extra cost. For example, 
reptiles and amphibians are stopped by the small-sized 
mesh at the base of the fence and large ungulates are 
stopped by the larger mesh and strands reaching a 
height of greater than 2m (Figs. 20.5B and C). Some 
arboreal species are prevented from climbing fences 
that are fitted with sheet metal (Fig. 20.5A). Fences 
can also be solid walls, such as the 1.1 m-tall concrete 
walls with overhanging lip at Paynes Prairie State 


Preserve, Florida, United States (Fig. 20.6). Known for 
its high species diversity of wildlife and high rates of 
roadkill, the multi-species barrier wall and eight cul- 
verts at Paynes Prairie reduced mortality for all species 
(excluding tree frogs) by 93.5% and 51 species used the 
crossings (Dodd Jr. et al. 2004). 


20.3 Consider alternatives to traditional 
fences 


Walls and soil berms are frequently used to reduce 
traffic noise and light for humans (Chapter 48, 
Figs. 33.3 and 33.4), and with minor modifications, 
they may also function as wildlife fencing. Land 


(A) 


Figure 2 
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bridges must include fences to protect vehicles under- 
neath from falling objects, and the fence should be 
combined with barriers to reduce noise and light. 
These include concrete walls, artistic features and 
berms planted with dense vegetation (Fig. 22.2); some 
designs can almost eliminate all vehicle noise and 
light. Concrete Jersey barriers are effective fences for 
some species, but the small drainage gaps (known as 
scuppers) at the base of some may allow movement of 
small-bodied species and should be filled. However, 
Jersey barriers placed in the median should retain 
these gaps, and potentially include large openings, to 
prevent animals that do make it onto the road from 
becoming trapped and forced back into oncoming 
traffic (Fig. 20.7). While not ideal, this provision may 


| ee 


6 Solid wall at Paynes Prairie, Florida, immediately after construction (A) and a few years later (B). Wall height is 


1.1m, culvert is 1.8m x 1.8 m, and the overhanging lip protrudes by about 15 cm. Source: Photographs by D.J. Smith. 


Figure 


(B) 


re 20.7 Jersey median barriers with drainage holes can trap animals, such as this river otter, and/or force them back into 
traffic (A), and while not ideal, animals that encounter such barriers in the centre median with larger holes (B) at least have a 


chance to make it across the road. Source: Photographs by D.J. Smith. 
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at least give these animals a chance of making it 
safely to the other side. 

Dense plantings and other elements that provide food 
or shelter (e.g. a line of tree stumps, logs or artificial 
structures) can be used to direct animals towards 
crossing structures (Chapter 21). Riprap (Fig. 20.8, 
Chapter 44) can also be used, because many species, 
including ungulates, avoid walking on sharp, uneven 
or unstable surfaces. However, its effectiveness may 
diminish over time as the riprap will settle and dirt and 
debris may fill the spaces. 

Noise and light walls (Figs. 33.3, 33.4) may act as 
wildlife fencing if their design takes into account the 
needs of the target species (i.e. gap size, height, etc.). 
They can force flying animals to fly up and over them, 
potentially above traffic height, although further 
research on the efficacy of this approach is required 
(Chapters 33 and 34). A similar potentially effective 
approach is rows of poles on bridges that encourage 
birds to fly above them. This method was applied for 
royal terns migrating along the Atlantic Coast that 
were being struck by vehicles when flying low over a 
bridge in Florida, United States. To address this prob- 
lem, 122 silver-coloured metal poles 3m tall and 
21cm in diameter were attached to the bridge at 3.7 m 
intervals, resulting in a 64% reduction in bird strikes 
with vehicles (Bard et al. 2002). This was a relatively 
unobtrusive and inexpensive solution, costing a total 
of US$5900 in 1994. 


20.4 Animals inevitably breach fences, 
and when they do, they must be able to exit 
the roadway 


Fences can be breached by wildlife through breaks in the 
fence (e.g. caused by accidents, storms, vandalism or 
natural wear and tear) and by digging under the fence, 
climbing over or passing through the fence, or entering 
at the ends of fences (Puglisi et al. 1974; Falk et al. 1978; 
Clevenger et al. 2001; Gulsby et al. 2011; Clevenger 
2013). Frequent options to exit the roadway must be pro- 
vided, especially if the fences extend for long distances, 
relative to the movement ability of the species. 
Right-of-way (ROW) escape methods include one- 
way gates, jump-outs (Fig. 20.9) (also referred to as 
earthen or escape ramps) and climb-outs, all of which 
must be designed specifically for the target species, pref- 
erably in collaboration with species experts. One-way 
gates are intuitively appealing but are plagued by design 
faults and issues that have yet to be fully resolved (e.g. 
Reed et al. 1974a; Sielecki 2007). One-way gates fre- 
quently jam open (allowing wildlife into the ROW), or 
jam shut (preventing animals from exiting the ROW), 
and many animals appear unwilling to push into them 
to force them open. In some instances, individuals have 
learned to open the gates backwards and access the 
roadway. Wildlife can also impale themselves on the 
tines of improperly designed one-way gates. Jump-outs 
(Textbox 20.2 and Fig. 20.9) allow animals to escape the 


Figure 20.8 This riprap was installed to funnel deer and elk towards crossing structures. While initially successful, deer and 
elk managed to negotiate their way through and fencing had to be retrofitted. Source: Photograph by J.W. Gagnon. 
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Figure 20.9 Jump-outs allow animals trapped inside a fenced roadway to escape. In these examples, ungulates walk along the fence 
until they reach the jump-out, and (A, B) they go up the ramp and jump down and out, or (C) the jump-out is built where the road is 
elevated on fill, and the animals jump down and out of the road reserve. Short lengths of guide fence perpendicular to the jump-out in 
(C) and in the middle of the entrance help to direct animals to the opening. The jump-out in (B) has electrified strands of wire to prevent 
animals from climbing up and into the roadway. Source: (A and C) Photographs by J.W. Gagnon and (B) Photograph by D.J. Smith. 


Numerous crossing structures and wildlife fencing were 
installed along 27 km of US Highway 93 in Arizona, United 
States. Jump-outs were installed for desert bighorn sheep 
based on the design of successful jump-outs for elk. The 
jump-outs were monitored (Gagnon et al. 2014), and the 
sheep accessed the roadway by jumping or climbing 
them in the wrong direction (Fig. 20.10A). Plain fencing 
wire was installed across the opening and sheep used the 
ramp in the proper direction by going over or under the 
wire, while sheep jumping in the wrong direction collided 
with the wire. To prevent collisions with the wire, visibility 


(A) 


(B) 


).2 Adaptively designing right-of-way jump-outs for the target species. 


was improved by encasing it in a plastic pipe and the 
height was adjusted (Fig. 20.10B). Eventually, the optimal 
height of the pipe was identified that maximised use in the 
proper direction while eliminating reversed use. All jump- 
outs were then modified with metal pipes providing a 
0.4m opening which allowed larger males to jump over 
the bars and ewes and lambs to pass underneath. Further 
monitoring documented that 96% of sheep approaching 
the jump-out from the proper direction used them to exit 
the roadway and 0% of sheep approaching from the 
bottom gained access to the roadway. 


20.10 Desert bighorn sheep entering the roadway via a jump-out without modification (A) and a sheep 
veesii exiting the roadway via a jump-out with plastic pipe to provide a visible obstruction to deter access from 
outside the roadway while continuing to allow proper use (B). Eventually, the plastic pipe was replaced with metal bars 


at a height of 0.4m. Source: Photographs by J.W. Gagnon. 
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roadway by ‘jumping out and down’ and outside of the 
fence and are most useful for ungulates, including elk, 
deer and bighorn sheep (Gagnon et al. 2014; Siemers 
et al. 2014). Jump-outs need to be high enough to allow 
animals to jump down and outside of the roadway but 
not back up and inside the roadway. The backside should 
be smooth enough to prevent agile species from climb- 
ing up. Electric fencing can also be used on the backside 
to discourage climbing. Jump-outs can either be built 
where the road is elevated on fill or the ramp can be built 
up, so the inside of the ramp cannot be seen from the 
outside (so animals are not apt to climb into the ROW). 
Guide wings can be included to direct animals into the 
jump-out, rather than walk straight past it (Lesson 
20.5). Climb-outs work in the same way as jump-outs, 
except they are vertical poles against fences that allow 
climbing animals to exit, but not enter, the roadway. 
While simple concepts, the specifications of all escape 
mechanisms must be thoroughly tested prior to wide- 
spread deployment (Textbox 20.2). 


20.5 Fence ends and planned breaks in 
fences must be designed to reduce the 
rate of WVC 


Sometimes, the entire lengths of roads through con- 
servation areas are fenced, but this is rarely the norm. 
Fencing is usually focused at high-risk localities and 
crossing structures and often includes breaks to allow 
traffic from side roads to enter the fenced road. Gates 
are the most effective approach at containing larger 
fauna; however, they are impractical when traffic vol- 
ume on the lateral road is high and gates can be unin- 
tentionally left open (Sawyer et al. 2012). When gates 
are not an option, wildlife guards and electrified mats 


(B) 


(Fig. 20.11) can be effective (Reed et al. 1974b; 
Seamans & Helon 2008; Allen et al. 2013). The effec- 
tiveness of these approaches depends on the gap 
between the steel bars, the depth of the pit below the 
guards (to discourage animals from placing their feet 
between the bars) and the width of the guard or mat 
(to prevent jumping over) and should be thoroughly 
tested for new conditions before widespread deploy- 
ment. Other approaches include (i) installing animal 
detection systems at fence ends (Chapter 24); (ii) angling 
fence ends away from the road, so animals that reach 
the ‘wing’ are directed away from the road and turn 
around; or (iii) having fence ends terminate in unsuit- 
able habitat, so animals turn around to avoid it. Aerial 
electrified wires suspended above the main road have 
been used to deter elephants crossing at grade from 
entering the roadway (Chapter 43). 

The location and length of fencing is ideally based 
on rates of WVC or known wildlife movements 
(Chapter 13). Tracking data (Chapter 11) can identify 
the locations with the highest rates of crossings, and 
fencing placed in these locations can funnel animals 
towards the crossing structures (Gagnon et al. 201 0b; 
Dodd et al. 2012). It should be noted that wildlife 
movement paths may vary over time (e.g. Chapter 56) 
and fences should extend some distance beyond the 
current preferred crossing location in anticipation of 
this. When data on WVC or wildlife movement are not 
available, fence length can be based on the extent of 
habitat or other features important to the target spe- 
cies. For example, wetlands are critical for many 
amphibians and reptiles, and fencing (with crossing 
structures) should extend beyond known breeding sites 
to allow movement and prevent road-related mortality 
(Chapters 31 and 32). Similarly, many species of wildlife 
use riparian corridors as habitat and for movement, 


(C) 


Figure 20.11 Strategies to prevent wildlife from accessing a fenced roadway where designed breaks in fencing occur. Wildlife 
guards: rows of steel tube (A) or steel mesh (B) prevent many ungulates from accessing the fenced roadway. (C) Electrified mats 
across the road is an option to consider for species that are capable of crossing wildlife guards. In both cases, the technique must 
be designed and tested on the target species to ensure effectiveness. Source: Photographs by J.W. Gagnon. 
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and fencing on either side of a bridge or culvert should 
encompass the riparian habitat to prevent roadkill and 
facilitate connectivity. Fencing in wetlands must be 
positioned to ensure that wildlife that require terrestrial 
habitats are able to access dry land during flooding 
events (e.g. Bager & Fontoura 2013). 


20.6 Fences need to be maintained forever 


Fences must be regularly maintained to maximise 
effectiveness and should be designed to facilitate main- 
tenance (Chapter 17). Fences should be placed in 
accessible locations to allow repairs and vegetation 
removal, designed to facilitate inspection and built 
with robust materials. Fence design and materials are 
important considerations in areas where sand or snow 
drifts collect against fences, where trees can fall on 
fences, or if subject to repeated inundation, especially 
by saline water. Un-maintained fences allow more fre- 
quent breaching by wildlife, increasing the number of 
wildlife accessing the roadway. For example, growth of 
vegetation on fences or barrier walls (Fig. 20.6B) pro- 
vides the means for small mammals, reptiles and 
amphibians to climb over and access the roadway. 
Inspection and maintenance of fencing for migratory 
species should be scheduled just before the migration 
usually occurs, which for some species can be quite 
accurately predicted. Inspection regimes need to assess 
structural integrity (e.g. are the posts rotting or the 
mesh intact?), breaches (e.g. errant vehicles, trespass- 
ers cutting fence) and natural breaches (e.g. overhang- 
ing or fallen trees, vines, grass or shrubs, piled-up sand 
or snow, washouts). 


CONCLUSIONS 


Fencing is an integral component of most mitigation 
programmes. Appropriately located, designed and 
installed fencing can reduce rates of WVC to almost 
zero and cost-effectively improve human safety, reduce 
property damage and help conserve wildlife popula- 
tions. Fencing should always be integrated with prop- 
erly spaced and located wildlife crossing structures or 
else the barrier effect of the road will be amplified. 
While fencing can dramatically reduce rates of wildlife 
mortality, the negative effects of reduced connectivity 
for wildlife from poorly designed fencing can be signifi- 
cant, resulting in reduced migration, dispersal and 
gene flow, further endangering wildlife. Maintenance 
is an ongoing requirement, and fences designed and 


installed with maintenance in mind will be cheaper 
and easier to maintain, resulting in longer service and 
increased benefits. 


FURTHER READING 


Clevenger and Huijser (2011): Focusing on North America, 
this handbook features extensive species-specific guidance 
on the design of mitigation measures, including fencing, 
escape ramps and wildlife guards. 

Tuell et al. (2003): A broad-ranging summary and description 
of mitigation measures, including a range of general and 
specific recommendations on the use and design of fences 
in Europe. 

Pepper et al. (2006): A detailed guide, focusing on the United 
Kingdom, on the design and construction of wildlife fences. 
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SUMMARY 


Roads, railways and other linear infrastructure are often filters or barriers to the movement of wild- 
life. Wildlife crossing structures (underpasses and overpasses) improve traffic safety and contribute to the 
conservation of biodiversity by allowing animals to move safely across roads, thereby reducing the risk of 
wildlife-vehicle collision. This connectivity between populations on opposite sides of the road allows animals 
to access resources and mates and facilitates gene flow, thereby improving the viability of wildlife popula- 
tions. The effectiveness of crossing structures is significantly enhanced when combined with fences, and 
both measures are usually best implemented together. 

21.1 Follow a logical sequence of steps to implement an effective mitigation strategy. 

21.2 Wildlife crossing structures are diverse in their design, shape and size; and they must be fully 
described in plans and reports to avoid confusion. 
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21.3 Multi-use structures are a potentially effective approach to increase the permeability of roads for wildlife. 
21.4 The selection of structure type depends on the goals of mitigation, target species and engineering 


constraints. 


21.5 The detailed design of crossing structures is critical to success. 
21.6 The location and spacing of crossing structures should be guided by the ecological and biological 


needs of the target species. 


21.7 Maintenance, monitoring and adaptive management of crossing structures are needed to assure success. 
21.8 Alternatives to wildlife crossing structures are more appropriate in some locations and situations. 

Wildlife crossing structures should be constructed when impacts cannot be avoided or minimised. There is 
a wide diversity in the type of wildlife crossing structures available. Selecting the appropriate design depends 
on the impacts to be mitigated, the target species, engineering and other location-related constraints and 
traffic safety considerations. In addition, effectiveness can be maximised by addressing a number of design, 


monitoring and maintenance issues. 


INTRODUCTION 


Wildlife crossing structures increase the permeability 
of roads and other linear infrastructure for wildlife by 
allowing animals to safely cross under or over roads 
and by reducing the risk of wildlife-vehicle collisions 
(WVC). Wildlife crossing structures are designed pri- 
marily and foremost for the movement of wildlife, 
although some allow co-use by people, such as for rec- 
reation (Chapter 22). Crossing structures for other 
purposes, such as for water flow (Chapters 44 and 45) 
or the movement of stock or vehicles, can be modified 
to also allow the movement of wildlife (Lesson 21.3). 
Wildlife crossing structures have been constructed on 
roads and railways around the world, with the major- 
ity in North America and Europe, and more recently in 
Australia, Asia, Africa and South America. Most of the 
lessons and concepts about crossing structures across 
roads in this chapter apply equally to other types of lin- 
ear infrastructure. Research has clearly demonstrated 
that many species, ranging from salamanders to ele- 
phants, will use them to cross roads (Chapters 28-45; 
Langton 1989; Bank et al. 2002; Bissonette & Cramer 
2008; Clevenger 2012). By reducing the rate and 
severity of WVC, crossing structures (i) improve road 
safety for people; (ii) reduce mortality of wildlife; and 
(iii) improve the permeability of the road for wildlife, 
thereby reducing the barrier effect of the road, recon- 
necting animal populations and restoring ecological 
processes. While their effectiveness at restoring or 
maintaining connectivity for many species is unequiv- 
ocal, the effectiveness of wildlife crossing structures 
at maintaining viable populations is less clear, and 
further research is required (Chapter 16). 

There are two main categories of wildlife crossing 
structures — underpasses and overpasses — and the 


variation in their size, shape, construction style and 
materials, and target species is large (Lesson 21.2), 
with names of structure type often varying regionally. 
Consequently, it is beyond the scope of this chapter to 
define each and every type of crossing structure. Rather 
than attempt a reclassification of structure types, we 
have largely adopted terms currently used in North 
America and Europe (after Tuell et al. 2003; Clevenger & 
Huijser 2011), with a few minor adaptations. Because of 
the broad geographic and biological scope of this book, 
this chapter cannot outline species-specific applications 
of crossing structure types. Instead, generalised guide- 
lines are given along with references to more detailed 
applications and examples (see Chapter 59). The type of 
crossing structure to be installed and its location and 
design and the number of structures and their spacing 
will be context and location specific. While the overarch- 
ing goals of wildlife crossing structures are to restore 
connectivity and reduce WVC, their specific aims will 
depend on the target species, the impact(s) of the road 
and whether daily, seasonal or occasional movements 
of wildlife are to be facilitated. The aims of this chapter 
are to describe the diversity of structure types and their 
application for different species groups and highlight the 
key planning, design and selection processes and princi- 
ples to achieve successful mitigation. 


LESSONS 


21.1 Follow a logical sequence of steps to 
implement an effective mitigation strategy 


The first two steps when developing a mitigation strat- 
egy is to avoid impacts and minimise them and then 
consider mitigation measures (Chapter 7). Wildlife 
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crossing structures are the most effective approach to 
mitigate the barrier effect of roads on wildlife move- 
ment, thereby maintaining or restoring landscape 
connectivity. When installed with fencing to keep 
animals off the roadway and funnel them towards 
crossing structures, they can also reduce or eliminate 
WVC and improve road safety (Chapter 20). The steps 
to developing an effective mitigation strategy are: 

(i) Define the problem: identify and clearly articulate 
the specific ecological impact(s) of the proposed or 
existing road. 

(ii) Set specific, measurable, achievable, realistic and 
time-framed (SMART) goals for mitigation: once the 
problem is known, the goals for mitigation can be 
developed. Goals should be SMART (Lesson 16.1, 
Textbox 16.1). 

(iii) Plan and design the mitigation strategy: ensure 
the mitigation strategy addresses the specific problem 
as not all road impacts are solved by crossing struc- 
tures (Chapter 9; Lesson 21.8). 

(iv) Construct and maintain the mitigation measures: 
ensure the mitigation is built as designed (Chapters 8 
and 9) and maintained appropriately (Chapter 17). 

(v) Evaluate and adaptively manage the mitigation 
measures: monitor and evaluate use and/or effective- 
ness (Chapters 10, 15 and 16) and adaptively manage 
the mitigation to ensure the goals are achieved. 
Collaboration and cooperation among stakeholders 
should occur at all stages to facilitate productive input 
and achieve better outcomes. 


21.2 Wildlife crossing structures are 
diverse in their design, shape and size; and 
they must be fully described in plans and 
reports to avoid confusion 


Wildlife crossing structures come in a variety of designs, 
shapes and sizes, and their names vary regionally, com- 
plicating the development of a standard set of terms that 
can be applied globally (Iuell et al. 2003; Clevenger & 
Huijser 2011). However, despite this complexity, there 
are two main types, namely, overpasses and under- 
passes. The greatest difference in naming among regions 
appears to be whether structures are described by their 
intended function (e.g. small mammal crossing or pas- 
sage) or by its type (e.g. small mammal culvert or tunnel). 
Structures have also been variously described according 
to their target group or species of wildlife and structure 
type, such as wildlife underpass, small mammal under- 
pass, frog culvert or badger pipe. Unique names, specific 
to the type of structure, have also been applied, such 
as ecoduct, ecopassage or amphibian tunnel. The 


important consideration when naming and describing 
structures is to minimise the risk of confusion or mis- 
understanding. This is particularly relevant (i) during 
the planning and design phase to ensure the correct 
structure is installed (Chapter 9), (ii) when reporting 
crossing rates to allow the effectiveness of different 
types of structures to be correctly interpreted and 
(iii) when adopting or adapting designs or recommenda- 
tions from other regions. All plans and reports should 
give the following information when describing crossing 
structures: 

° Broad classification: that is, underpass or overpass. 

e Structure type: for example, bridge, pipe or culvert. 

e Shape: for example, culverts can be round, square, 
rectangular, elliptical (oval) or arched; and wildlife 
overpasses can be straight or hourglass shaped. 

* Size: length, width and height. 

e Construction materials: for example, concrete, cor- 
rugated steel, timber or composite material (e.g. polymer 
concrete). 

e Interior design: for example, natural substrate, con- 
crete floor, grated roof or addition of tree stumps, logs, 
brush or rocks. 

* Strategy to funnel or attract wildlife to the structure: 
for example, fencing, hedgerows or stone walls to guide 
animals to entrances or ponds to attract wildlife. 

e Modified features: for example, wooden or steel 
shelf on culvert wall or suspended poles/ropes within 
underpasses. 

e Additional uses or features: for example, stream or water- 
course, road, railroad or co-use by livestock or people. 


Wildlife underpasses 


Underpasses allow animals to move under the road and 
are the most common type of crossing structure. 
Underpasses built specifically for wildlife (see Lesson 
21.3 and Chapter 22 for multi-use structures) include 
standard engineering structures, for example, bridge 
or culvert, as well as structures specifically designed 
and constructed for wildlife movement, for example, 
amphibian tunnels. It is beyond the scope of this chap- 
ter to describe each type in detail; however, we identify 
three main types, in approximately decreasing order of 
size: (i) viaducts and long or open-span bridges are 
typically long or high bridges, usually traversing val- 
leys or riparian areas (Fig. 21.1A); (ii) wildlife under- 
passes are variable in size and type (e.g. bridge, box, 
pipe) but typically smaller than open-span bridges/ 
viaducts (Fig. 21.1B); and (iii) amphibian tunnels are 
small purpose-built structures specifically for amphibi- 
ans (Fig. 21.1C; Langton 1989). 


(A) 


Long or open-span bridge, viaduct 


A long and often high bridge, typically 
supported on pillars, which carries a 
road or railway over a river or valley. 


The landscape below these structures 
can be designed to conserve or main- 
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(B) 


Wildlife underpass 


Structure constructed below a road or 
railroad designed specifically to pro- 
vide a safe crossing point for wildlife. 
Depending on underpass size, it can 
be used by small to large animals. 
Underpass types are predominantly 


(C) 


Amphibian tunnels 


Often installed just below the road 
surface, these small pipes or purpose- 
built tunnels are specifically for the 
movement of amphibians. Often con- 
sisting of multiple tunnels in close 
proximity to each other, they require 
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tain continuous riparian and aquatic 
habitats, thereby facilitating wildlife 


movement. structures. 


Usually combined with fencing. 


— = 


bridges, arches and box/pipe 


Usually combined with fencing. 


effective opaque fencing to intercept 
the amphibians and funnel them to 
the crossing structure. 


Figure 21.1 The three main types of wildlife underpasses. Source: (A and B) Photographs by C. Rosell/Minuartia and 
(C) photograph by and reproduced with permission of Miklós Puky. 


Depending on their size, shape, construction materials 
and landscaping, wildlife underpasses permit the move- 
ment of small to large species of wildlife, with larger 
structures serving a greater range of species and smaller 
structuresrestricting use by larger-bodied species. Species- 
specific minimum dimensions are given in many of the 
regional best-practice guidelines (Chapter 59). 


Wildlife overpasses 


Overpasses allow animals to cross above the road and 
include (i) ecoducts, also referred to in some countries 
as a green bridge, land bridge or landscape bridge 
(Fig. 21.2A); (ii) wildlife overpasses (Fig. 21.2B); 
(iii) canopy bridges (Fig. 21.2C); and (iv) glider poles 
(Fig. 21.2D). Ecoducts and wildlife overpasses are 
similar, and the terms are often used interchangeably, 
preventing clear and concise use of terms. Ecoducts 
are wide, often greater than 50m wide (minimum 
recommended width in Europe is 80m), and tend to 
‘reconnect habitat and landscapes’ without interrup- 
tion across the road. Wildlife overpasses are typically 
narrower than ecoducts (sometimes ~20m). This 
challenge of defining terms in an international setting 
demonstrates the importance of comprehensively 
describing structures as discussed earlier in this lesson. 
Nevertheless, overpass width affects the extent to 
which different habitat zones, such as strips of different 


vegetation or soil types, can be included on the struc- 
ture, affecting the number and diversity of species 
which may use it. Ecoducts and wildlife overpasses can 
be used by a wide diversity of species, from inverte- 
brates (Chapter 29) to large herbivores (Chapter 42). 
Canopy bridges (ropes or poles that connect tree cano- 
pies) and glider poles (vertical poles that act as artificial 
trees, providing launch and landing points for jumping 
and/or gliding species — Chapters 40 and 41) are 
specifically for arboreal and/or gliding species. 


21.3 Multi-use structures are a potentially 
effective approach to increase the 
permeability of roads for wildlife 


Multi-use (also called multipurpose or multifunction) 
structures differ from wildlife crossing structures in that 
wildlife movement is a secondary function or goal. For 
example, drainage culverts are primarily about the 
movement of water, while over- or underpasses for stock 
and forestry access are primarily about access for 
human-related activities (Fig. 21.3). A limitation of 
multi-use structures is that they are designed and main- 
tained to achieve their primary function (e.g. drainage, 
stock or vehicle access), and this will compromise their 
suitability for some wildlife. However, depending on the 
timing of each use and the degree of compatibility 
between the human use and wildlife (van der Grift et al. 


(A) 


Ecoduct, landscape bridge, land 
bridge, green bridge 


Large overpass, usually > 50 m wide 
(min. recommended width in Europe 
80 m), where habitats are continuous 
across the road. Due to their width, a 
diversity of habitat types (e.g. vegeta- 
tion or soil types) can be included. 
The main difference from wildlife 
overpasses is the width and vegeta- 
tion cover, however the terms are 
often used interchangeably. 


(C) 
Canopy bridge 


Rope, net or pole suspended above 
the road from vertical poles or trees, 
for arboreal and scansorial species. 


While fencing would improve rates of use, 


fence designs are yet to be developed 
due to the climbing ability of the target 
species. 

Similar structures, called hop-overs, 
have been proposed for bats, with 


little evidence for success. 


(B) 


Wildlife overpass 


Constructed above roads, specifically 
to provide connectivity for wildlife. 


While similar to landscape bridges, 
they are narrower, limiting the extent 
to which different habitats and vegeta- 
tion can be included on the structure. 
Landscape bridges and wildlife over- 
passes usually include fencing to 
funnel animals towards the structures. 


(D) 


Glider poles 


Timber poles, erected on the roadside 
or within the median, to act as ‘artifi- 
cial trees’ for gliding and jumping 
species to cross the road. 

Pole height and spacing is critical, and 
must be designed according to the 
gliding or jumping ability of the target 
species (Fig.40.3) 

Effective fence designs have not yet 
been developed. 


Figure 21.2 The four main types of wildlife overpasses. Source: (A) Photograph by and reproduced with permission of 
GIASA/Junta de Andalucia; (B) Photography by C. Rosell/Minuartia and (C and D) photographs by R. van der Ree. 


(A) 


Multiuse underpass 


Crossing structure under the road 
with multiple functions or goals, 
including the movement of wildlife. 
Other uses include drainage, farm or 
forestry access, stock movement and 
recreational use. These underpasses 
may include modifications, such as 
fencing or addition of cover, to 
encourage use by wildlife. 
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(B) 


Modified culvert 


Modified pipe or box culvert that 
allows a watercourse or drainage to 
flow underneath the infrastructure. 


Modifications for use by wildlife often 
include dry ledges or shelves to pro- 

vide dry passage, which are connect- 
ed to adjacent habitat (Fig. 35.7). 


The design and landscaping at the 
entrances must consider the needs of 


(C) 


Multiuse overpass 


Crossing structure above the road 
with multiple functions or goals, 
including the movement of wildlife. 
Other uses include farm or forestry 
access, stock movement and recrea- 
tional use. These overpasses may 
include modifications, such as addi- 
tion of cover,(Fig. 22.2) to encourage 
use by wildlife. 


wildlife, not just erosion control. 


Figure 21.3 The three main types of multi-use crossing structures. Source: (A and B) Photographs by C. Rosell/Minuartia 
and (C) photograph by and reproduced with permission of Marcel Huijser. 


2012), this approach can be a cost-effective strategy to 
increase the number of opportunities for safe wildlife 
crossings because of their potential for wide deployment 
across the landscape. Importantly, multi-use structures 
must still achieve the specific mitigation goals regardless 
of their other functions and should not be considered a 
cheap alternative to wildlife crossing structures. 
Multi-use structures may be functional for use by 
wildlife with or without modification (Mata et al. 
2008). For example, drainage culverts may permit the 
movement of some terrestrial species when dry or 
mostly dry. Numerous species in the Netherlands have 
been shown to use overpasses with primarily daytime 
recreational use by humans (Textbox 22.1). However, 
the rate of use by wildlife can be increased, often quite 
dramatically, with relatively minor modifications to 
their design or maintenance (Chapter 17). For exam- 
ple, drainage culverts can be modified by adding an 
elevated ledge or shelf on one or both walls of the cul- 
vert to provide dry passage for wildlife (Figs. 9.1, 21.3B, 
35.7, 39.1 and 39.3; Veenbaas & Brandjes 1999; 
Villalva et al. 2013). Adding a second culvert with a 
raised floor adjacent to one with permanent water flow 
is a simple but effective approach (Figs. 21.4 and 45.5 
but see Fig. 9.2). Other strategies include the removal 
of large rocks (also called riprap) from approaches to 
drainage structures (Fig. 21.5A, B), the addition of 


fencing to funnel wildlife towards the structures 
(Chapter 20) or the addition of structural elements 
(also known as ‘furniture’) such as rocks, tree stumps, 
brush piles or tubes within the structure or the 
approaches to provide resources or shelter from preda- 
tors (Figs. 29.5 and 39.2; Connolly-Newman et al. 
2013). Larger modifications may also be required to 
ensure multi-uses are compatible, such as increasing 
the size of the structure. 

Fish and other aquatic species such as otters, platy- 
pus and invertebrates use a range of drainage struc- 
tures for movement. The most effective structures for 
aquatic species are designed to maintain natural rates 
of water flow or provide resting opportunities for fish 
swimming upstream (Chapters 44 and 45). 


21.4 The selection of structure type 
depends on the goals of mitigation, target 
species and engineering constraints 


The choice of structure depends primarily on (i) the goal 
of mitigation (Lesson 21.1); (ii) the specific requirements 
of the target species; and (iii) cost and engineering 
constraints. Importantly, planners, engineers and wildlife 
experts must collaborate to design and implement opti- 
mal solutions. The goal of mitigation relates in part to 
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Figure 21.4 The two pipe culverts are elevated above the box culvert used for stream flow, providing dry passage for wildlife. 


Source: Photograph by D.J. Smith. 


Figure 21.5 Example of (A) before and (B) after removal of riprap and creation of dry ledge adjacent to stream to facilitate use 


by white-tailed deer. Source: Photographs by D.J. Smith. 


whether the movement is to occur daily (e.g. to access 
food), seasonally (e.g. annual migration) or occasionally 
(e.g. dispersal to maintain gene flow), which will influ- 
ence the number and spacing of the structures (Lesson 
21.5). The ecological or biological requirements of the 
target species will influence the type, size and design of 
the structure (e.g. Rosell et al. 1997; Clevenger & Waltho 
2000, 2005). For example, the target species must physi- 
cally fit within the underpass but also be behaviourally 
comfortable with the size, substrate and surroundings to 
encourage them to use it. Prey species may be wary of 


enclosed spaces that increase their perceived risk of pre- 
dation (Chapter 42; Brudin 2003; Gordon & Anderson 
2003). Certain species of amphibian may avoid struc- 
tures with concrete or metal floors and prefer underpasses 
with similar microclimates to natural habitats (Woltz et 
al. 2008). The details of these species-specific require- 
ments are provided and being continually updated in the 
regional best-practice guidelines (see Chapter 59 for 
examples). 

The optimal approach to mitigation is to avoid impacts 
first, minimise second and finally mitigate any remaining 


impacts (Chapter 7). It may not be feasible to build the opti- 
mal structure due to engineering or financial constraints, 
and alternative options such as multi-use structures or 
alternatives to crossing structures should be considered. If 
there are no feasible effective mitigation options available, 
the road should be realigned to avoid the impact. 


21.5 The detailed design of crossing 
structures is critical to success 


The detailed design of crossing structures, including 
landscaping, structural elements to provide shelter and 
refuge, screening and substrate type, is just as impor- 
tant in influencing success as selecting the optimal 
type of structure. Detailed designs must be comprehen- 
sive because depending on contractual arrangements 
for delivery of the project, construction teams may 
only be obligated to build what has been specified. 
Therefore, significant alterations to the detailed design 
after the project has commenced will likely cost more 
(Chapter 8). 

The landscaping of crossing structures and approaches 
to them should (i) encourage use of the structure for the 
target species; (ii) guide animals towards the entrances of 
the structure; and (iii) minimise negative disturbance 
effects of traffic. As a guide, the habitat on the approaches 
and the structures should closely resemble the adjacent 
habitat such that animals do not notice a change. This 
is not always possible, particularly in underpasses, and 
other features such as logs and branches, rocks and 
stone walls can be used to provide cover (Fig. 35.5; 
Connolly-Newman et al. 2013). Depending on the 
topography, the ground adjacent to the crossing 
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structure can be contoured to naturally funnel animals 
towards the entrances (Lesson 20.3, Figs. 20.8 and 
21.6A). Vegetation plantings can be arranged to guide 
animals towards entrances and also to provide shelter or 
cover for prey species (Fig. 21.6B). For example, species 
such as deer prefer a clear sight path to aid with vigi- 
lance for potential large predators (Chapter 42). Smaller 
prey species require cover for protection from predators 
(Chapters 23, 32 and 39) or adverse environmental 
conditions (e.g. amphibians, Chapter 31). 

Fencing is usually necessary to funnel animals 
towards the crossing structure and fence design and 
material is a critical consideration. Chapter 20 provides 
extensive information about fencing. Screening on and 
adjacent to crossing structures, such as noise and 
light walls, dense vegetation plantings or earth berms 
(Figs 22.1-22.3, 33.3 and 33.4), can be used to reduce 
the disturbance effects of traffic noise, light and pol- 
lution that may lead to avoidance by some species 
(Chapters 18, 19, 22 and 33; Friedman 1997). The 
specific design of screening material is dependent on 
the target species, the impact to be mitigated, local 
conditions and aesthetic considerations. 

The type and quality of substrate used on approaches 
and crossing structures can influence rates of use by 
wildlife. Imported soil, crushed rock and other material 
should be avoided if the target species is sensitive to the 
surface and subsurface conditions, such as amphibians 
and fossorial or digging species (Chapters 29, 31, 32 
and 39). Construction equipment can also transmit 
soil-borne pathogens and diseases, as well as compact 
the soil, all potentially affecting plant growth and the 
ability of fossorial species to dig. Moisture retention is 
critical to amphibians, and prolonged exposure can 


(B) 


Figure 21.6 (A) Contouring and (B) plantings at entrances to wildlife crossing structures (shown with red circle — leading to 
underpass) can enhance movement of wildlife that require cover. Source: (A) Photograph by D.J. Smith and (B) © Google Earth. 


180 Handbook of road ecology 


result in rapid desiccation under sunny conditions. 
Presence of suitable soils, vegetation, leaf litter and 
other ground cover at the site can reduce soil evapora- 
tion rates and increase moisture levels (Chapter 31). 
Rocks and woody debris can act as stepping stones 
for amphibians providing shelter and refugia where 
moisture retention is more prolonged. 


21.6 The location and spacing of crossing 
structures should be guided by the 
ecological and biological needs of 

the target species 


The location of crossing structures along a road signifi- 
cantly affects rates of use by wildlife. The primary 
determinant of the location of crossing structures 
in the landscape should be biological and ecological 
(Clevenger et al. 2002; Langen et al. 2009). In other 
words, crossing structures should be positioned where 
they will be of maximum benefit for the target species, 
such as along the preferred movement pathways of the 
target species (Clevenger et al. 2003; Ramp et al. 
2005). Many species move through the landscape 
along riparian corridors, and crossing structures along 
waterways will likely be optimal for them (Clevenger 
et al. 2002). Other locations include where green cor- 
ridors cross roads, locations between seasonally occu- 
pied habitats or where resources are located on opposite 
sides of the road (Beaudry et al. 2008, 2009). These 
locations can be identified using models developed with 
WVC and/or mortality data (Chapter 13), but they can 
also be at locations where there is no WVC or roadkill 
due to road avoidance or because the population has 
already declined. Landscape-scale analyses that identify 
important habitats and wildlife corridors help planners 
avoid these important areas when planning new roads 
and to prioritise locations for mitigation. 

The spacing of crossing structures is primarily 
dependent on the specific goals of the mitigation. For 
example, crossing structures to provide daily access to 
foraging resources for all members of a population 
should be closer together than structures for occasional 
dispersal of a few individuals. Similarly, crossing struc- 
tures for species with small home ranges (e.g. salaman- 
ders) will need to be closer together than for species 
with very large home ranges (e.g. bears or wolves). 
Decisions related to these issues must be based on what 
is necessary to maintain or restore the health and struc- 
ture of the populations of the species impacted, rather 
than simply the cheapest or most convenient location. 
An objective approach is to base the spacing on the size 
of the target species’ home range (i.e. the area used by 


an animal during its day to day activities). This area can 
be converted to a linear distance by calculating its 
square root (i.e. VHR) (Bowman et al. 2002), which 
Bissonette and Adair (2008) propose is the spacing 
necessary to create a truly ‘permeable’ road. They fur- 
ther propose that crossing structures designed to facili- 
tate dispersal should be seven times the linear home 
range (i.e. 7 x VHR). 


21.7 Maintenance, monitoring and adaptive 
management of crossing structures are 
needed to assure success 


Maintenance, monitoring and adaptive management 
are critical to the long-term success of all mitigation, 
including wildlife crossing structures. Appropriate 
maintenance of crossing structures and approaches is 
an ongoing need and often is not conducted properly 
(Chapter 17). Maintenance regimes need to evaluate 
both the structural and functional integrity of the 
crossing structure and be integrated with routine 
maintenance programmes (Chapter 17). Fences have 
particular maintenance requirements which, if 
neglected, may result in increased rates of WVC 
and decreased effectiveness of crossing structures 
(Chapter 20). Vegetation management along roadsides, 
at approaches to crossing structures and along fencing 
should also be ongoing and requires special detailed 
instructions for maintenance crews (Chapters 17, 20 
and 46). Monitoring the rate of use of the crossing 
structure and its effectiveness at meeting the specified 
goals is essential to (i) evaluate success; (ii) improve the 
design of future mitigation measures; and (iii) modify 
the design of existing structures (Fig. 21.7, Chapters 15 
and 16). Studies should begin before construction and 
may need to continue for 5 or even 10 years if the target 
species is signfiicant (e.g. endangered or high profile) or 
if acceptance by wildlife is slow (Chapters 10, 15 and 
16). If the goals of mitigation have not been reached, 
corrective actions must be taken. 


21.8 Alternatives to wildlife crossing 
structures are more appropriate in some 
locations and situations 


Wildlife crossing structures are not always the most 
appropriate mitigation measure (Huijser & McGowen, 
2010; Langbein et al. 2011). The critical considera- 
tion when developing a mitigation strategy is to 
clearly identify the specific impact(s) of the road and 
traffic and determine if crossing structures, which 


(A) 
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(B) 


(C) 


Figure 21.7 Monitoring and adaptive management were used to improve the function of this structure for management of an 
important game species, wild turkey. Clockwise from upper left, (A) flooding of approaches and (B) centre of crossing structure 
that prevented use by turkeys was corrected by (C) installing a drainage culvert which provided a dry pathway and (D) increased 
use by wild turkey adults and offspring. Source: Photographs by D.J. Smith. 


allow the safe movement of wildlife across the road, 
will address this impact. Impacts other than reduced 
connectivity or WVC (e.g. reduced habitat quality 
along a road due to noise, light or chemical pollution) 
are unlikely to be solved by the installation of crossing 
structures. 

While there are other potential strategies to main- 
tain or restore connectivity that do not require cross- 
ing structures, these are usually less effective. For 
example, at-grade crossings require animals to cross 
the road between passing cars (Chapters 20 and 24) 
and are thus inappropriate on roads with high vol- 
ume or speed of traffic. Traffic calming reduces the 
speed and/or number of vehicles on the road and 
is unlikely to succeed on high-speed/high-traffic- 
volume roads and if alternative roads are not 


available. Signage has varying levels of effectiveness 
at slowing drivers and reducing WVC (Chapter 24). 
Natural canopy connectivity (Fig. 40.1A) allows ani- 
mals to climb across the road from branch to branch 
or jump from tree to tree, but is only possible on rela- 
tively narrow roads or those with wide medians and 
does not entirely eliminate the risk of collision with 
vehicles (Chapter 40). While still considered some- 
what experimental, animal detection systems can 
be effective for large-bodied animals on relatively 
straight roads, but are less suitable on roads with high 
traffic volumes or high-speed vehicles or for relatively 
small species (Chapter 24). Animal detection systems 
were originally focused on reducing rates of WVC; 
however, they are increasingly being used to improve 
connectivity for wildlife. 
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CONCLUSIONS 


Wildlife crossing structures are a common and fre- 
quently applied mitigation measure used to restore or 
maintain the movement of wildlife across roads. While 
there are two basic types of crossings structures — 
underpasses and overpasses — the names given to the 
same and/or different structure types vary regionally. 
Consequently, caution must be exercised when adapt- 
ing or adopting structure recommendations from one 
region to another. Therefore, we urge that structures be 
comprehensively described in plans and reports to avoid 
confusion. The types of structures and their detailed 
design, location and spacing should primarily be based 
upon ecological and biological requirements of the tar- 
get species and the goal of mitigation. Inevitably, the 
preferred strategy will be difficult or impossible to 
implement at some locations and compromises must be 
made. In these situations, planners, engineers and wild- 
life experts must collaborate to ensure that the effective- 
ness of the mitigation can still be achieved, thereby 
ensuring the risk of extinction of the target species does 
not increase. If mitigation is unsuccessful, it is unlikely 
that the conditions of approval for the project will have 
been met, and further mitigation or offsetting work will 
likely be required. It is important to realise that while 
crossing structures are effective at restoring connectiv- 
ity and reducing rates of WVC, other effects of roads are 
not mitigated with these structures. Importantly, miti- 
gation is the third step in the hierarchy — and impact 
avoidance and minimisation principles should be 
adopted first. In situations where crossing structures or 
other methods are likely to be ineffective at achieving 
the specific goals of mitigation, the road should be 
rerouted to avoid such areas. 
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FURTHER READING 


Clevenger and Ford (2010): A clearly written summary of 
issues around the design, location and construction of 
wildlife crossing structures and fences, with a North 
American focus. 

Clevenger and Huijser (2011): A detailed and comprehensive 
account for North America of the planning, design, con- 
struction and maintenance of wildlife crossing structures. 


Forman et al. (2003): The sixth chapter within the seminal book 
‘Road Ecology: Science and solution’ focuses on mitigation 
techniques for wildlife, primarily wildlife crossing structures. 

Tuell et al. (2003): A European handbook that brought 
together best-practice in the mitigation of wildlife and 
traffic conflict. While presenting data and insights from 
the early 2000s, much of it is still relevant today. 


REFERENCES 


Bank, F G., C. L. Irwin, G. L. Evink, M. E. Gray, S. Hagood, J. 
R. Kinar, A. Levy, D. Paulson, B. Ruediger and R. M. Sauvajot. 
2002. Wildlife habitat connectivity across European 
highways. Report no. FHWA-PL-02-011. U.S. Department 
of Transportation, Federal Highway Administration, 
Washington, DC. 

Beaudry, F., P. G. deMaynadier and M. L. Hunter Jr. 2008. 
Identifying road mortality threat at multiple spatial scales 
for semi-aquatic turtles. Biological Conservation 141: 
2550-2563. 

Beaudry, F., P. G. deMaynadier and M. L. Hunter Jr. 2009. 
Seasonally dynamic habitat use by Spotted (Clemmys 
guttata) and Blanding’s Turtles (Emydoidea blandingii) in 
Maine. Journal of Herpetology 43: 636-645. 

Bissonette, J. A. and P. Cramer. 2008. Evaluation of the use and 
effectiveness of wildlife crossings. NCHRP Report no. 615. 
National Cooperative Research Program, Transportation 
Research Board of the National Academies, Washington, 
DC, , 161 pp. 

Bissonette, J. A. and W. A. Adair. 2008. Restoring habitat per- 
meability to roaded landscapes with isometrically-scaled 
wildlife crossings. Biological Conservation 141:482-488. 

Bowman, J., J. A. G. Jaeger and L. Fahrig. 2002. Dispersal dis- 
tance of mammals is proportional to home range size. 
Ecology 83:2049-2055. 

Brudin, C. O. 2003. Wildlife use of existing culverts and 
bridges in north central Pennsylvania. In C. L. Irwin, 
P. Garrett and K. P. McDermott, editors. Proceedings of the 
International Conference on Ecology and Transportation. 
Center for Transportation and the Environment, North 
Carolina State University, Raleigh, NC, pp. 344-352. 

Clevenger, A. P. 2012. 15 years of Banff research: What we’ve 
learned and why it’s important to transportation managers 
beyond the park boundary. In Sustainability in Motion, 
Proceedings of the 2011 International Conference on 
Ecology and Transportation, Seattle, WA, pp. 409-423. 

Clevenger, A. P. and A. T. Ford. 2010. Wildlife crossing struc- 
tures, fencing, and other highway design considerations. In 
J. P. Beckmann et al., editors. Safe Passages: Highways, 
Wildlife, and Habitat Connectivity. Island Press, New York, 
pp. 17-49 

Clevenger, A. P. and M. P. Huijser. 2011. Wildlife crossings 
structure handbook: Design and evaluation in North 
America. U.S. Department of Transportation, Federal 
Highway Administration. Publication no. FHWA-CFL/ 
TD-11-003. Lakewood CO, 211 pp. 


Clevenger, A. P. and N. Waltho. 2000. Factors influencing the 
effectiveness of wildlife underpasses in Banff National 
Park, Alberta, Canada. Conservation Biology 14: 47-56. 

Clevenger, A. P. and N. Waltho. 2005. Performance indices to 
identify attributes of highway crossing structures facilitat- 
ing movement of large mammals. Biological Conservation 
121:453-464. 

Clevenger, A. P., J. Wierzchowski, B. Chruszcz and K. Gunson. 
2002. GIS-generated, expert-based models for wildlife habi- 
tat linkages and mitigation planning. Conservation Biology 
16:503-514. 

Clevenger, A. P., B. Chruszcz and K. Gunson. 2003. Spatial 
patterns and factors influencing small vertebrate fauna 
road kill aggregations. Biological Conservation 109: 
15-26. 

Connolly-Newman, H. R., M. P. Huijser, L. Broberg, C. R. Nelson 
and W. Camel-Means. 2013. Effect of cover on small mam- 
mal movements through wildlife underpasses along US 
Highway 93 North, Montana, USA. Proceedings of the 2013 
International Conference on Ecology and Transportation. 
23-27 June 2013, Scottsdale, AZ, USA, 12 pp. Available 
from http://www.icoet.net/ICOET_2013/proceedings.asp, 
Accessed on 22 September 2014. 

Forman, R. T. T., et al., editors. 2003. Mitigation for wildlife. In 
Road Ecology: Science and Solutions, Island Press, 
Washington, DC, pp. 139-167. 

Friedman, D. S. 1997. Nature as infrastructure: The National 
Ecological Network and wildlife crossing structures in the 
Netherlands. Report no. 138. DLO Winand Staring Centre, 
Wageningen. 

Gordon, K. M. and S. H. Anderson. 2003. Mule deer use of 
underpasses in western and southwestern Wyoming. In 
C. L. Irwin, P. Garrett and K. P McDermott, editors. 
Proceedings of the International Conference on Ecology and 
Transportation. Center for Transportation and the 
Environment, North Carolina State University, Raleigh, NC. 
pp. 246-252. 

Huijser, M. P. and P. T. McGowen. 2010. Reducing wildlife- 
vehicle collisions. In: J. P. Beckman et al., editors. Safe 
Passages. Highways, Wildlife and Habitat Connectivity. 
Island Press: Washington, DC, pp. 51-74. 

Tuell, B., et al. 2003. Wildlife and traffic: A European hand- 
book for identifying conflicts and designing solutions. 
COST-341 Habitat Fragmentation and Transportation 


Wildlife crossing structures 183 


Infrastructure. European Co-operation in the Field of 
Scientific and Technical Research, KNNV, Brussels. 

Langbein, J., R. Putman and B. Pokorny. 2011. Traffic colli- 
sions involving deer and other ungulates in Europe and 
available measures for mitigation. In: R. Putman et al., edi- 
tors. Ungulate Management in Europe. Cambridge 
University Press: Leiden, pp. 215-259. 

Langen, T. A., K. Ogden and L. Schwarting. 2009. Predicting 
hotspots of herpetofauna road mortality along highway 
road networks: model creation and experimental valida- 
tion. Journal of Wildlife Management 73:104-114. 

Langton, T. E. S., editor. 1989. Amphibians and roads. ACO 
Polymer Products, Ltd. Bedfordshire, 202 pp. 

Mata, C., I. Hervás, J. Herranz, F. Suarez, and J.E. Malo. 2008. 
Are motorway wildlife passages worth building? Vertebrate 
use of road-crossing structures on a Spanish motorway. 
Journal of Environmental Management 88: 407-415 

Ramp, D., J. K.A. Caldwell, D. Edwards, D. Warton and 
D. B. Croft. 2005. Modeling of wildlife fatality hotspots 
along the Snowy Mountain Highway in New South Wales, 
Australia. Biological Conservation 126:474-490. 

Rosell, C., J. Parpal, R. Campeny, S. Jove, A. Pasquina and 
J. Velasco. 1997. Mitigation of barrier effect of linear infra- 
structure on wildlife. In K. Canters, A. Piepers and D. Hendriks- 
Heersma, editors. Habitat Fragmentation and Infrastructure. 
DWW, Maastricht and The Hague, pp. 367-372. 

van der Grift, E. A., F Ottburg, R. Pouwels, and J. Dirksen. 2012. 
Multiuse overpasses: does human use impact the use by wildlife? 
Proceedings of the 2011 International Conference on Ecology 
and Transportation. 21-25 August 2011, Seattle, Washington, 
USA, 1080 pp. Available from http://wwwa.icoet.net/ICOET_ 
2011/proceedings.asp. Accessed on 22 September 2014. 

Veenbaas, G. and G. J. Brandjes. 1999. The use of fauna pas- 
sages along waterways under motorways. In J. W. Dover 
and R. G. H. Bunce, editors. Key Concepts in Landscape 
Ecology. International Association of Landscape Ecology, 
Preston, pp. 315-320. 

Villalva, P., D. Reto, M. Santos-Reis, E. Revilla and C. Grilo. 
2013. Do dry ledges reduce the barrier effect of roads? 
Ecological Engineering 57:143-148. 

Woltz, H. W., J. P. Gibbs and P. K. Ducey. 2008. Road crossing 
structures for amphibians and reptiles: Informing design 
through behavioral analysis. Biological Conservation 
141:2745-2750. 


Chapter 22 


RECREATIONAL CO-USE 
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SUMMARY 


There is growing pressure to build crossing structures that facilitate the movement of both people and wildlife 
across roads, In this chapter, we focus primarily on recreational co-use of wildlife crossing structures, specifi- 
cally hikers, runners, cyclists and horse riders. This pressure to install co-use structures is most apparent in and 
around cities and towns and in recreational areas where trails are obstructed by roads. There is little knowledge 
to determine the appropriateness and design of such co-use, but preliminary findings and information gleaned 
from other sources are instructive. 

22.1 Wildlife crossing structures are expensive, and it is intuitively appealing that they function for 
wildlife and people. 

22.2 Different species respond differently to human co-use of wildlife crossing structures. 

22.3 Simple design principles may enable co-use by humans. 

22.4 Carefully designed and executed studies are required to confidently determine the efficacy of co-use 
structures. 

It is clear that some species of wildlife, particularly those that readily survive or co-inhabit areas with 
humans, appear capable of using wildlife crossing structures with high rates of co-use by people. However, it 
is also evident that some species lower their rate or modify their timing of use of crossing structures which are 
also used by people. Consistent trends in the use of such crossing structures by wildlife are difficult to discern 
due to widely varying design, location and methods used in studies. Therefore, the widespread installation 
of co-use crossing structures is not recommended until rigorous studies quantify the effects of recreational 
co-use on wildlife behaviour and crossing rates. 
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INTRODUCTION 


There is unequivocal evidence that well-designed, suit- 
ably located and properly maintained wildlife crossing 
structures (Chapter 21) can reduce the fragmentation 
effects of roads and other linear infrastructure for wild- 
life. In the absence of crossing structures, animals are 
less likely to cross roads and are certainly less likely to 
do so safely. Roads and railways, especially those with 
high speed and/or high traffic volumes, are also barri- 
ers to the movement of people. The fragmentation 
effect of roads and railways for people is especially 
problematic in and around cities and towns and in 
recreational areas, such as state, provincial and national 
parks and wilderness areas. What are the effects of 
having recreational use of wildlife crossing structures? 
Which species of wildlife will avoid co-use structures? 
Will species that use them reduce their rate of crossing 
or change their time of crossing to avoid people? Are 
these changes large enough to significantly impact 
population viability? How should co-use structures be 
designed to minimise the negative impacts on wildlife? 

The aims of this chapter are to summarise the 
evidence about the impacts of recreational co-use of 
wildlife crossing structures on wildlife and suggest 
some simple design principles to maximise the ability to 
effectively achieve both uses. The focus is on the effects 
of recreational use of wildlife crossing structures 
(i.e. those designed primarily for wildlife) on wildlife, 
with minimal insight for other co-use structures 
(Lesson 21.3), although similar principles probably 
apply. We conclude that rigorous and well-designed 


(A) 


research which investigates the feasibility of co-use 
structures to achieve connectivity for wildlife and 
people is a high priority. 


LESSONS 


22.1 Wildlife crossing structures are 
expensive, and it is intuitively appealing 
that they function for wildlife and people 


Designing and building crossing structures that are 
functional for wildlife and people (Fig. 22.1) is an 
attractive strategy, provided the structure remains 
effective for the target species. The cost—benefits of 
building one crossing structure for both wildlife and 
people, rather than two structures, are also convinc- 
ing. Importantly, there is a growing recognition 
that spending time in natural settings, including for 
recreation, leads to improvement in people’s health 
and well-being (Maller et al. 2005). Unfortunately, 
easy access to recreational parks around urban areas 
is often hindered by roads, railways and other develop- 
ments. There is an increasing demand that crossing 
structures for wildlife be adapted or designed for co-use 
by hikers, cyclists and horse riders. Furthermore, the 
ability to obtain funding and support for recreational 
co-use of wildlife crossing structures will be greater 
because of the dual benefits and the larger size of the 
group lobbying for its construction. However, the 
extent to which the twin goals of moving wildlife and 
people can be achieved is largely unknown. 


Figure 22.1 (A) Recreational use by cyclists of the land bridge at Slabroek, The Netherlands. (B) This wildlife overpass in Brisbane, 
Australia, has boulders separating the recreational and wildlife zones. Both structures are just 15m wide, and neither represents best 
practice in co-use design (Lesson 22.3). Source: Photograph (A) by Rodney van der Ree and (B) by Edgar van der Grift. 
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22.2 Different species respond differently 
to human co-use of wildlife crossing 
structures 


Many best-practice guidelines recommend that human 
use of wildlife crossing structures should be discour- 
aged (e.g. Tuell et al. 2003) on the basis that wildlife are 
less likely to use structures that are also used by people. 
But what is the evidence for this recommendation? As 
noted in Textbox 22.1, there has only been one study 
that explicitly set out to test the effects of recreationists 
on the rate, timing and behaviour of crossing by wild- 
life (van der Grift et al. 2011). The remainder of studies 
quantified rates of crossing by wildlife and included a 
measure of human activity (e.g. number of crossings 
by people, proximity to urban area) as a co-variate 
when trying to identify factors influencing rate of use. 
The most convincing of these studies monitored the 
crossing rates of wildlife over a 35-month period at 11 
crossing structures in Banff National Park, Canada 
(Clevenger & Waltho 2000). Here, the most important 
factor negatively affecting the rate of crossing by large 
predators and omnivores (black bear, grizzly bear, 
cougar and wolf) was human activity, measured as 
either the number of cyclists, hikers or horse riders or 
the distance to the nearest town. Human use was also 
negatively correlated with ungulate crossing rates but 
less importantly. In the remaining studies, the breadth 


of responses by wildlife to human activity, even when 
restricted to the number of crossings by humans walk- 
ing, cycling or horse riding, is wide. For example, there 
were negative correlations found for badger and genet 
in Portugal (Grilo et al. 2008); wolves during summer 
months in Banff (Clevenger & Waltho 2005); coyotes 
in California, United States (Ng et al. 2004); and roe 
deer in Sweden (Olsson 2007). In contrast, positive 
relationships were reported for reptiles in Spain 
(Rodriguez et al. 1996) and raccoons in California, 
United States (Ng et al. 2004). Many studies failed to 
detect any relationship between human use of struc- 
tures and that of wildlife, for example, vertebrates in 
Spain (Mata et al. 2005), red foxes and wildcat under a 
high-speed rail in Spain (Rodriguez et al. 1997), cou- 
gar in Banff (Gloyne & Clevenger 2001) and moose in 
Sweden (Olsson 2007), prompting some to suggest 
that co-use may be possible if human use is restricted 
to times when wildlife are less likely to use it and if 
human crossing rates are low. 

One limitation in many studies is that proximity to 
urban areas and rate of crossing by recreationists is 
likely to be confounded (Clevenger & Waltho 2000), and 
it is difficult to determine if the reduced rate of crossing 
by wildlife is due to recreationists or due to changes in 
habitat quality due to urbanisation. Additionally, draw- 
ing a consensus is complicated by the range in (i) habitat 
types among the studies (e.g. wilderness areas to 


Textbox 22.1 Investigating co-use of overpasses Zanderij Crailoo and Slabroek in The Netherlands. 


Community groups representing the public and recrea- 
tionists in The Netherlands are strongly pushing for 
wildlife crossing structures to also be available for hik- 
ers, cyclists and horse riders (Fig. 22.1A). In response 
to this demand, researchers aimed to investigate the 
impact of human co-use on the (i) rate, (ii) timing and 
(ii) behaviour of animals crossing two wildlife over- 
passes (van der Grift et al. 2011). The rate of human 
use varied between the two structures, with 182,000 
and 60,000 hikers, cyclists and horse riders crossing 
overpasses Zanderij Crailoo and Slabroek per year, 
respectively. Rate of use by people varied over time, 
with most people crossing in spring and summer, on 
Sundays and between 2 and 4pm. No correlation, 
either negative or positive, was found between cross- 
ing rates by roe deer, red fox, rabbit or European hare 
and the number of people that crossed overpass 
Zanderij Crailoo. Interestingly, these same species plus 
red squirrel appeared to avoid the land bridge at 
Slabroek (width, 15m) but readily used the structure at 


Zanderij Crailoo (width, 50m), suggesting that factors 
other than human co-use (e.g. structure width) are 
influencing animal crossing rates. Animals appeared 
to modify their use of overpass Zanderij Crailoo by 
accessing the structure at approximately 7pm on busy 
days, about 3 hours later than on days with few human 
visitors. A greater proportion of roe deer crossed the 
bridges faster (trot or gallop) (7% at Zanderij Crailoo 
and 21% at Slabroek) than at Groene Woud wildlife 
bridge (8%), where human co-use was not allowed. 
The polecat also appeared to hunt more on bridges 
without human co-use than those shared with people. 

This study concluded that for these species in The 
Netherlands, human co-use did not prevent animals 
from crossing. They did, however, stress the impor- 
tance of increased width of structures to accommo- 
date wildlife and people and careful design to separate 
wildlife and people. The need for further research 
across more structures, species and locations was 
also strongly recommended. 
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high-intensity agricultural landscapes); (ii) human 
crossing rates (from <1 person per day to 182,000 per 
year); and (iii) local differences in animal behaviour 
(e.g. hunted species are likely to be cautious in areas 
where legal hunting or poaching occurs). In the mean- 
time, the recreational use of wildlife crossing structures 
should continue to be limited until reliable studies have 
been completed (Lesson 22.4). 


22.3 Simple design principles may enable 
co-use by humans 


Multi-use crossing structures are likely to be most 
effective when the target species are relatively tolerant 
of human presence and when crossing structures 
explicitly incorporate design features for wildlife and 
people. Most importantly, people should be restricted to 
the narrowest possible strip on one side of the crossing 
structure. This ‘recreational’ zone should be clearly 
demarcated from the ‘wildlife’ zone and have a well- 
maintained path — enough to contain most people. 
Fencing, earth berms or plantings which separate the 
zones (internal screening) are necessary to discourage 
inquisitive people from exploring beyond the recrea- 
tional zone and to provide a physical screen between 
wildlife and people (Figs. 22.2A and B). The effective- 
ness of the internal screening will vary depending on 
its design and the amount of simultaneous use by wild- 
life and people and the sensitivity of the species to 
human presence. External screens, which reduce the 
amount of traffic noise and light that penetrates the 
structure, should always be installed on wildlife cross- 
ing structures (Figs. 22.1A and B). External screens 


(A) 


will also likely be required if horse riders use the recrea- 
tional zone to prevent horses from becoming spooked 
by passing traffic. 

Co-use structures must be wider than the standard 
recommended for that type of wildlife crossing struc- 
ture (Fig. 22.3; see also van der Grift et al. 2011). While 
the amount of extra width required is unknown, it 
must be at least as wide as the recreational zone plus 
the area taken up by any internal screening. For exam- 
ple, a 5 m-wide recreational zone (i.e. a 2 m-wide path, 
plus 1.5m on each side of mown grass) will increase 
the width of the structure by at least 5m, and if the 
negative effects spill over into the wildlife zone, it may 
need to be even wider. The additional width should also 
include the space taken up by any extra screening (i.e. 
the width taken up by internal screening) if the recrea- 
tional zone is integrated with the wildlife zone 
(Fig. 22.3B). This extra width is not necessary where 
the two zones are not integrated (Fig. 22.3C) because 
there is no external screen between the recreational 
trail and the edge of the structure. In all cases, the 
amount of extra width required will depend upon the 
nature and extent of the interaction between wildlife 
and people and its effect on population viability. If the 
rate of crossing by wildlife is reduced but is still suffi- 
cient to maintain viable populations (assuming popu- 
lation viability is a specific goal for the structure), then 
the extra width can be limited to the width of the rec- 
reational zone. If the crossing structure is for a high- 
profile or endangered species that is intolerant to 
human presence, it may be appropriate to increase 
the width of the crossing structure by many times the 
size of the recreational zone because the risks are so 
great. However, in these circumstances, it is probably 


(B) 


Figure 22.2 Examples of internal screening on land bridges in The Netherlands. (A) Rock gabion walls on Wolfheze land 
bridge and (B) earth berm with shrubs on the Zanderij Crailoo land bridge. Source: Photographs by Edgar van der Grift. 
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(A) 


Legend 
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Figure 22.3 Profile view of standard wildlife crossing structure (A) and co-use structures (B and C) with clearly demarcated 
zones for recreational and wildlife use. The same principles apply for underpasses: (i) ensure functionality for target wildlife 
(assessed against the specific goals for each structure) is not compromised by reduced width or human activity; (ii) restrict human 
use to the narrowest width strip on one edge; (iii) clearly demarcate the wildlife and recreational zones; and (iv) provide a buffer or 
screen between the two zones. Source: Illustration by Zoe Metherell. Reproduced with permission of Zoé Metherell. 


inappropriate to install a co-use structure if the conse- 
quences of failure are unacceptable. 

Consider allowing a number of years for vegetation 
to establish and wildlife to become accustomed to the 
crossing structure before allowing use by people. 
Crossing structures should not contain artificial night 
lighting for humans, as this can have wide-reaching 
negative effects on wildlife (Chapter 18). A lack of arti- 
ficial lighting will also discourage nocturnal use by peo- 
ple, which is a positive outcome because many species 
of wildlife are more active from dusk till dawn. Human 
co-use should be carefully considered in situations 
where hunting or poaching of threatened wildlife is 
possible or cannot be controlled (Fig. 49.2). Importantly, 
animals in areas where hunting occurs are likely to be 
more wary of humans and are thus less likely to use 
co-use structures. 


22.4 Carefully designed and executed 
studies are required to confidently 
determine the efficacy of co-use structures 


The demands to allow humans to use wildlife crossing 
structures are growing. Well-designed scientific studies 
that test the effects of recreational co-use of crossing 
structures on a range of target species are urgently 
required before they are widely deployed or dismissed as 
inappropriate without sufficient supporting evidence. 


It is critical to evaluate the extent to which the pro- 
posed co-use will affect the specific goals of a structure. 
A reduction in the rate of crossing or change in timing 
of use (e.g. delayed from dusk to 2 hours after dusk) 
may be inconsequential if the goal of the structure (e.g. 
to maintain gene flow) is not compromised. Future 
studies must include a wider range of target species 
and structure types (e.g. underpasses), include areas 
along a gradient of human disturbance, have adequate 
replication and experimentally manipulate the number, 
timing and type of human activities. These experiments 
can be explicitly incorporated into the goals and design 
of new structures (i.e. the twin goals are to facilitate 
connectivity for wildlife and investigate the efficacy of 
recreational co-use) as well as with existing structures. 
Including the people who are lobbying for co-use struc- 
tures in the experiment by engaging them to cross the 
structure at certain times of day or at certain frequen- 
cies will be critical to rigorously evaluating if recrea- 
tional and wildlife uses are compatible. This also helps 
to remind users that recreational co-use may be found 
to be inappropriate and a consequence may be to pre- 
vent human access. Chapter 10 provides more insights 
and direction into study design for research and moni- 
toring projects. 

If the impacts of co-use on wildlife are unacceptable, 
it may be necessary to exclude human use altogether 
and install a crossing structure for people nearby. 
Changing the behaviour of people who are accustomed 
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to using specific co-use structures will be difficult 
because they may consider it ‘their right’ to use it. 
Therefore, we recommend a cautious approach where 
recreational zones are installed on an experimental 
basis to test the efficacy of co-use while retaining the 
potential to revert back to ‘wildlife-only’ use if co-use is 
incompatible with the specific goals of the structure. 


CONCLUSIONS 


Limited funds for mitigation and the human health 
benefits of nature-based recreation are driving the 
push for more co-use structures. In addition, ongoing 
clearing of natural vegetation and the expansion of 
transportation networks in protected areas mean that 
nature-based recreationists are increasingly coming 
into contact with linear infrastructure. Until now, most 
road agencies and ecologists have resisted the urge to 
allow or encourage human co-use of wildlife crossing 
structures. However, in general, the evidence for and 
against co-use is equivocal and likely depends on the 
species; the rate, timing and type of human use; and 
the local response of wildlife to people (e.g. due to hunt- 
ing pressure). An analysis of the risks associated with 
not achieving the goals for each wildlife crossing struc- 
ture is essential. A reduced rate of crossing or shift in 
time of crossing due to human co-use may not matter 
if the goal of a structure is to maintain gene flow for a 
common species and sufficient individuals still use the 
structure. In contrast, the risks associated with recrea- 
tional co-use may be too great if the target species is 
rare, threatened or highly sensitive to human presence, 
and recreational use should be avoided. This issue will 
not be resolved until high-quality research and moni- 
toring that include experimental manipulation of 
human activity are undertaken. 
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FURTHER READING 


Clevenger and Waltho (2000): A high-quality study that 
quantified the rate of use of 11 underpasses in Banff 
National Park and found that human activity strongly neg- 
atively affected the rate of use by large carnivores and, to a 
lesser extent, ungulates. 


van der Grift et al. (2011): The first study to evaluate the effect 
of human use of two land bridges in The Netherlands on 
the rate, timing and behaviour of wildlife. 
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SUMMARY 


The potential for predators to use wildlife crossing structures for hunting could result in some species being 
preyed upon more frequently than elsewhere in the landscape. What would the consequences be if predators 
learn that hunting success is greater at wildlife crossing structures and develop preferences for these loca- 
tions? Researchers and ecologists are frequently asked this question during the planning and design stages 
of road projects. Because there is no definitive answer to this question, the usual response is ‘it depends’, 
and the potential relevance of this situation should be assessed on a case-by-case basis. 

23.1 Wildlife crossing structures will be less effective for prey if their use is adversely influenced by 
predator-prey interactions. 

23.2 The outcome of predator-prey interactions at wildlife crossing structures may depend on the 
degree of co-evolution between them. 

23.3 Our knowledge of specific interactions between predators and prey at crossing structures is scarce, 
and research is urgently needed. 

23.4 Roads and crossing structures should be designed to minimise potentially deleterious predator-prey 
interactions. 
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Altogether, the increased connectivity benefits provided by wildlife crossing structures for a wide range 
of species are positive, and the potential for predation should not be seen as a reason not to install such 
mitigation measures. The current evidence for predators using crossing structures in a systematic way to 
increase hunting effectiveness is scarce and controversial. However, the potential for such predation at or 
near crossing structures exists, and road planners and wildlife managers should aim to reduce this risk, 
particularly for rare species of prey. 


INTRODUCTION 


Habitat fragmentation from roads and other linear infra- 
structure spatially transforms the landscape and affects 
interactions among species, including those between 
predator and prey (Schneider 2001). Wildlife crossing 
structures reduce the barrier effect of transport infra- 
structure, and numerous studies have demonstrated use 
by a wide variety of species on almost every continent 
and often in large numbers (e.g. Mata et al. 2005; Bond & 
Jones 2008; Clevenger 2012; Chapter 21). However, 
since crossing structures, together with fences 
(Chapter 20), funnel animals from surrounding areas 
towards precise locations in the landscape, it is conceiva- 
ble that predators may use them to ambush prey. This 
unintended ramification challenges their effectiveness as 
mitigation measures; but is it a myth or is it a reality? 
Research on the behaviour of predators and prey at 
crossing structures is required to answer this question. 

The aims of this chapter are to review the current 
evidence of predator and prey interactions at crossing 
structures, provide practical recommendations for 
road planners and designers and make recommenda- 
tions for future research. 


LESSONS 


23.1 Wildlife crossing structures will be 
less effective for prey if their use is 
adversely influenced by predator-prey 
interactions 


It has been suggested that wildlife crossing structures 
may be used by predators to ambush prey (Little et al. 
2002). The consequences of increased predation at cross- 
ing structures potentially include (i) avoidance of wildlife 
crossing structures and increased habitat fragmentation 


for prey species; (ii) a reduction in the effectiveness of 
these mitigation measures for prey species; (iii) altered 
behaviour and population dynamics of prey and predator 
species living adjacent to roads; and (iv) increased risk to 
the long-term viability of the populations of prey species. 
Three alternative scenarios are possible: 

(i) Prey exclusion/avoidance scenario: Prey species 
avoid crossing structures that are also used by predators 
(Doncaster 1999), leading to a diminished rate of use by 
prey. This avoidance phenomenon is possible for some spe- 
cies as demonstrated by field and laboratory studies that 
showed certain prey species change their activity patterns 
and even avoid places where they detect the presence of 
predators (Apfelbach et al. 2005). Prey may completely 
avoid or be excluded from crossing structures, or they may 
use the structures at times when predators are not nearby. 
(ii) Prey-trap scenario: Crossing structures are opti- 
mal places for hunting by ambush predators, and we 
find predators more frequently in structures used by 
prey. Researchers have speculated that certain preda- 
tors may use crossing structures as traps for prey (Hunt 
et al. 1987; Foster & Humphrey 1995; Little et al. 
2002), and apparent predation in crossing structures 
has been observed (e.g. Fig. 23.1). 

(iii) Null effect scenario: Predators do not use cross- 
ing structures specifically to ambush prey, and prey do 
not avoid structures used by predators. The coincidence 
of predators and prey within or on a structure would be 
random, and the outcome of such encounters would 
not change their natural dynamics in the area. 

These different scenarios may eventuate depending on 
how prey species detect the presence of potential preda- 
tors and on their capacity to react to them. In Canada, 
prey such as deer and elk avoided underpasses that were 
used by potential predators such as wolves or cougars 
(Clevenger & Waltho 2000). However, a more recent 
analysis of data from Banff National Park found that the 
proximity of ungulate kill sites to the highway was 
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Figure 23.1 Apparent predation event in a circular culvert under the A-52 motorway (NW Spain): a stoat with a water vole in 
its jaws. Water voles in this forest area only live in small creeks such as this one passing through the culvert. Source: Photograph 


by C. Mata. 


similar before and after the construction of fencing and 
crossing structures and there was no evidence that prey 
movements affected predator behaviour at crossing 
structures (Ford & Clevenger 2010). Therefore, interac- 
tions between large carnivores and their prey at wildlife 
crossing structures in Banff National Park do not sup- 
port the prey-trap scenario. 

Conversely, recent work on small- and medium-sized 
mammalian predator and prey species in NW Spain 
showed different results (Mata et al. in review). Both 
predator and prey species used the same structures to 
cross fenced roads, but their use of crossing structures 
did not occur independently. In fact, some predators 
used crossing structures on the same day as prey more 
frequently than expected by chance, almost as if they 


visited them in search of prey. Thus, patterns of tempo- 
ral co-occurrence were detected for the smallest prey 
with the smallest predators and for the largest prey 
with larger carnivores. Additionally, some prey species 
avoided using crossing structures on the same date 
that predators did (Table 23.1). 

The non-random occurrence of certain predators 
and prey at wildlife crossing structures in NW Spain 
(Table 23.1) suggests that some predator-prey effects 
are present at these crossing structures. The results 
suggest that some predators ‘win the race’ against their 
preferred prey (those species closest in size to them), as 
they seem able to track them in crossing structures and 
potentially use these structures as prey traps. In con- 
trast, some small-sized Mediterranean prey species 


Table 23.1 Patterns of interspecific coincidence between prey and predator species in NW Spain as denoted by two-species 
occupancy modelling applied to the daily use of crossing structures. 


Potential prey 


Potential predator 


Weasel and stoat Cat Eurasian Badger Red fox Large canid 
Micromammals (+) (+) (+) (-) (-) 
Rat-sized rodents (-) n.s. ns (-) n.s 
Rabbits and hares n.s. (-) (+) (+) n.s 


Source: Adapted from Mata et al. (in review). 


Type of interactions: (+), attraction or tendency for co-occurrence; (-), avoidance; n.s., no significant deviation from 


random coincidence. 


Species are in increasing body size order from left to right and up to down. 
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may reduce their use of crossing structures in the pres- 
ence of predators. The extent of population effects aris- 
ing from this situation remains to be analysed, but it 
could be of concern in the case of threatened prey spe- 
cies. Further research to understand if these interac- 
tions occur more frequently near crossing structures 
than elsewhere in the landscape is also required. 

In conclusion, if predator-prey interactions at cross- 
ing structures lead to the prey exclusion or the prey- 
trap scenarios, their effectiveness against fragmentation 
may be hampered, and, at least under some situations, 
this does happen. 


23.2 The outcome of predator-prey 
interactions at wildlife crossing structures 
may depend on the degree of co-evolution 
between them 


The outcome of predator-prey interactions in wildlife 
crossing structures depends on the capacity of species 
to detect, track and respond to the presence of their 
predators or prey. Such capacity is deeply rooted in the 
evolutionary history of the species, and if predator and 
prey have shared habitats along evolutionary times, 
the responses between them may be tightly matched 
and may result in the avoidance scenario. However, if 
predator and prey species did not co-evolve together, 
the prey species might be naive, and this will most 
probably result in the prey-trap scenario. 


The lack of co-evolution between predators and prey 
is particularly serious in Australia, where introduced 
predators, particularly the red fox and cat, have been 
implicated in the extinction of numerous species of 
native wildlife (Burbidge & McKenzie 1989). Predation 
by foxes and cats is listed as a major threatening process 
because Australian marsupials in the critical weight 
range of 50-5000 g are generally naive to these preda- 
tors and might not recognise their scent (Dickman & 
Doncaster 1984; Hayes et al. 2006). However, our 
knowledge of predator recognition by native species is 
scarce, and in some studies, native species were able to 
recognise the smell of introduced predators (e.g. Mella 
et al. 2010). These different responses might be due to 
the fact that some Australian marsupials respond to 
predators even if they have not shared a long evolution- 
ary history (McLean et al. 1996), and in some cases, 
they may learn to recognise introduced predators if 
they are exposed to them (McLean et al. 2000). 

In Australia, foxes and cats use underpasses regularly, 
but it is unclear if they target them to ambush prey. Foxes 
use roads and the disturbed roadsides to move around, 
and roads also provide them with food in the form of 
scavenged roadkills (Ramp et al. 2006). Therefore, foxes 
are likely to encounter crossing structures and as a result 
will learn quickly if they are a reliable source of prey 
(Fig. 23.2). This is likely to result in increased encounters 
between predators and prey around roads similar to rela- 
tionships found between predators and prey in North 
America (Whittington et al. 2011). As a result, native 


Figure 23.2 A red fox with an European rabbit in its jaws uses a wildlife underpass along the Calder Freeway, south-east 
Australia. There was no evidence that this rabbit was killed while using the underpass. Source: Photograph by R. van der Ree. 
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Textbox 23.1 Fox predation at a wildlife underpass causes the local extinction of a population 


of southern brown bandicoots (Harris et al. 2010) 


In 2010, 56 southern brown bandicoots were trapped 
near a section of the Roe Highway extension in Perth, 
Western Australia. All captured bandicoots were 
microchipped, and a microchip decoder was installed 
in an underpass to establish if multiple individuals 
used it. Eight bandicoots were recorded using the 
underpass during the study (Fig. 23.3). After foxes 
were detected using the underpass and built a den 
near its entrance, the bandicoots were no longer 


observed using the underpass. Despite extensive trap- 
ping in the area, the unsuccessful recapture of any 
bandicoots, microchipped or not, suggested that foxes 
had caused the local extinction of the bandicoot pop- 
ulation. This work demonstrates that although 
underpasses have the potential to reconnect popula- 
tions, they could also be detrimental to various target 
species if certain predators are not monitored and 
controlled. 


Figure 23.3 A southern brown bandicoot uses an underpass under the Roe Highway, Western Australia. An entire 
population of southern brown bandicoots using this underpass became locally extinct, most likely due to fox predation. 


Source: Photograph by B. Chambers. 


species may become locally extinct (Harris et al. 2010; 
Textbox 23.1). This might be of particular concern in the 
case of rare or endangered fauna. 


23.3 Our knowledge of specific 

interactions between predators and prey at 
crossing structures is scarce, and research is 
urgently needed 


Evidence presented in Lessons 23.1 and 23.2 applies 
to individual cases and cannot be generalised to all sit- 
uations. More research is urgently needed to identify 


under what circumstances, if any, predation or 
predator avoidance around crossing structures 
changes the natural dynamics of populations. Until 
now, few experimental studies have addressed poten- 
tial impacts on prey species (see review in Little et al. 
2002), possibly due to the inherent difficulties in 
designing such complex experiments (Roedenbeck 
et al. 2007; Chapter 10). GPS collars and proximity 
radio-transmitters coupled with behavioural studies 
could be used to determine if predation events occur 
at a higher rate at underpasses than elsewhere in the 
landscape and to what extent prey species avoid 
crossing structures. 
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23.4 Roads and crossing structures 
should be designed to minimise 
potentially deleterious predator-prey 
interactions 


If predators use wildlife crossing structures to their 
advantage to ambush prey, can these structures be 
modified to allow prey species to escape the increased 
risk of predation? 

While more research on predator and prey interactions 
adjacent to roads and crossing structures is needed, some 
general recommendations for the planning and design 
of wildlife crossing structures can be adopted to reduce 
potential impacts on species vulnerable to ambush 
predators. These include: 

(i) Install wider crossing structures at relatively high 
densities (e.g. the Spanish Ministerio de Medio 
Ambiente (2006) recommends one underpass at least 
7m-wide spaced <1 km apart in fauna rich areas) to 
decrease the risk of spatial and temporal coincidence 
of predator and prey (Clevenger & Waltho 2005); 

(ii) Include ‘furniture’ within structures and at their 
entrances (e.g. logs, vegetation, rocks, brush piles, 
tubes) to provide cover for prey species and allow them 
to escape from predators (Figs 9.1, 39.1 and 40.5); 
(iii) Where possible, preserve or re-establish the 
original habitats in the surroundings of crossing 
structures to avoid the increase in opportunistic 
predators; 


(iv) Provide — if possible — short, wide and high under- 
passes to protect large herbivores (e.g. elk, deer) from large 
predators (e.g. wolves; Little et al. 2002; Chapter 42). 
Avoid underpasses with ledges (such as bridge under- 
passes with flat sections above abutment walls) where 
ambush predators could sit (Fig. 23.4). 

The precise design of these recommendations 
should be based on the needs of the target species 
since cover for some prey species may also assist 
ambush predators. 

Ongoing and large-scale control of introduced pred- 
ators using poison baits and trapping is a common 
approach in many Australian conservation reserves to 
protect native wildlife. A similar approach should be 
applied to limit the size of fox and cat populations 
around new and existing roads and crossing structures 
in Australia. Similar actions could be implemented in 
other areas where (i) prey species are naive to intro- 
duced predators; (ii) it has been demonstrated that 
predators are using crossing structures to improve 
their hunting efficiency; or (iii) the predation is of a 
rare or endangered prey species. In all cases, a careful 
case-by-case analysis is required. 

Thus, the analysis of risks linked to changes in predator- 
prey interactions, as well as the potential need for the 
control of introduced predators, must be considered 
when planning the installation of wildlife crossing 
structures. Additionally, post-construction monitoring 
should assess the impacts of construction activities 


Figure 23.4 Avoid abutments or ledges in underpasses such as those shown here on State Route 260, Arizona, United States, 
where ambush predators may hunt from. Source: Photograph by R. van der Ree. 
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and the new road on the presence and densities of 
predators and the potential cascading effects of 
increased predation on prey. 


CONCLUSIONS 


The most important message from this chapter is the need 
for further research, particularly to clarify if predator- 
prey interactions detected at wildlife crossing structures 
parallel the same level of interactions at the landscape 
scale or if they show a shift in the balance between species 
(Little et al. 2002). To explore this issue, predation rates 
and the population-level effects on prey populations 
should be evaluated before and after the construction of 
roads with and without crossing structures. Experiments 
that manipulate predator populations or the design of 
crossing structures (e.g. size of structure, vegetation 
cover) could also help to quantify the predator-prey 
interaction and identify management solutions (see 
Chapter 10 for further discussion of experimental designs, 
including BACT). It is particularly important to separate 
the potential for increased predation risk due to the pres- 
ence of linear infrastructure (Whittington et al. 2011) 
versus that caused by the presence of crossing structures. 
If predation risk is increased by the presence of crossing 
structures, researchers should assess whether the inten- 
sity of such effects has substantially reduced the probabil- 
ity of survival of local populations of prey species. Current 
evidence demonstrates that wildlife crossing structures 
and fencing can mitigate population fragmentation and 
roadkill, although some attention should also be given to 
their potential side effects. 
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FURTHER READING 


Barbosa and Castellanos (2005): A keystone review necessary 
to achieve a thorough understanding of predator and prey 
interactions. 

Dickman (1996): This article explains why generalist predators 
like the red fox have had such a devastating impact on the 
naive native fauna of Australia. 

Little et al. (2002): In this article, the authors first proposed the 
prey-trap hypothesis after reviewing the evidence suggesting 
that predators might use wildlife crossing structures to 
ambush prey. 

Roedenbeck et al. (2007): This article emphasises the impor- 
tance of applying rigorous science to the applied aspects of 
monitoring the effectiveness of fauna crossing structures. 
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SUMMARY 


Wildlife warning signs are among the most frequently used mitigation measures aimed at reducing wildlife- 
vehicle collisions (WVC). Road agencies have been using these signs for many decades, and their use has 
become standard practice in most parts of the world. 

24.1 Warning signs are intended to reduce the rate and severity of WVC, not the barrier effect of roads 
and traffic. 

24.2 Warning signs must be reliable if they are to be effective. 

24.3 Standard and enhanced warning signs are unlikely to be effective in reducing collisions. 

24.4 Warning signs that are place and time specific can be effective in reducing collisions. 

24.5 Adopt a stepwise approach when implementing an animal detection system. 

24.6 Warning signs can be used with other mitigation measures. 
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While standard and enhanced wildlife warning signs are frequently used, they appear to be ineffective in 
reducing WVC. Their widespread use may be primarily because of engrained practices, their relatively low cost, 
a desire to inform the public about the impact of WVC on human safety and nature conservation and possible 
litigation concerns, rather than a proven substantial reduction in these types of collisions. However, signs 
that are more place and time specific can be effective in reducing WVC. There is a wide range in the effective- 
ness of temporal warning signs and animal detection systems; however, neither of these reduces the barrier 
effect of highways and traffic. 


INTRODUCTION 


Wildlife warning signs are aimed at reducing wildlife- 
vehicle collisions (WVC) by warning drivers about the 
potential or actual presence of wild animals on the 
road. They vary significantly and can be categorised as 
(i) standard wildlife warning signs; (ii) enhanced wild- 
life warning signs; (iii) temporal wildlife warning signs; 
or (iv) animal detection systems. 

Standard wildlife warning signs are typically manu- 
factured in the same style as other traffic warning signs 
(Fig. 24.1), which is often country dependent. Most 
signs depict a stylised large mammal and usually species 
which are common, widespread and large enough to be 
a safety concern for motorists (e.g. red deer in Europe, 
white-tailed deer or mule deer in the United States). 
Other species may be depicted regardless of their size 
and potential threat to human safety if: 

* The road dissects habitat of a species that is of con- 
servation concern (e.g. Fig. 24.2). 


(A) 


e Agencies or the public would like to see a reduction 
in road mortality for a particular species (e.g. Fig. 24.2). 
Standard signs are normally installed at road sections 
that had (or have) a relatively high number of WVC. Most 
standard wildlife warning signs are not very specific in 
time or place. The distance to which the warning applies 
may be many kilometres; however, only 5-10% of the 
drivers that were stopped 200m after passing a warning 
sign were able to recall it (Drory & Shinar 1982), anda 
dummy of a moose along a roadway either was not or 
barely detected by drivers (Aberg 1981). Another factor 
that contributes to the abundance of wildlife warning 
signs along roads is that once a sign has been installed, it 
is rarely removed, even if the problem no longer exists. 
Enhanced wildlife warning signs (Fig. 24.3) tend to be 
larger than standard signs, they may have flashing lights 
or bright flags attached to them, and they may also 
include eye-catching or perhaps even disturbing illustra- 
tions, images of certain species that the warning relates 
to, WVC statistics or other customised text (e.g. Fig. 24.3). 


Figure 24.1 Standard deer warning sign in (A) Flevoland, the Netherlands, and in (B) Colorado, United States. 


Source: Photographs by Marcel Huijser. 
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(A) 


(B) 


Figure 24.2 Standard warning signs for species of conservation concern (A, nene in Hawaii) or public interest (B, yellow- 
bellied marmots near Crested Butte, Colorado, United States). Source: Photographs by Marcel Huijser. 


(A) 


PUT 
HIGH IMPACT AREA 


— 


WATCH FOR WILDLIFE 


These characteristics aim to capture the attention of 
motorists and educate them about the safety and nature 
conservation impact of WVC. Enhanced warning signs are 
generally more frequently observed and recalled by driv- 
ers than standard warning signs (Summala & Hietamaki 
1984). They are normally installed at road sections that 
have a relatively high number of WVC or in areas where 
species of conservation concern occurs. 

Temporal wildlife warning signs warn drivers of wild- 
life presence during specific times of the year or day 
(Fig. 24.4). These signs tend to be species specific and may 
only be visible to drivers (e.g. signs that fold in half and 
are removed in the off season or variable message signs 
(i.e. electronic signs with programmable text or symbols)) 
during the most potentially hazardous time of the year or 
day. Seasonal warning signs may be placed where roads 
intersect migration corridors (e.g. mule deer migration 
routes in the western United States; Fig. 24.4A) or where 


(B) 


Meee * et 
Figure 24.3 Enhanced wildlife-vehicle collision warning sign in (A) British Columbia, Canada, and the endangered Florida 
key deer in (B) Florida, United States. Source: Photographs by Marcel Huijser. 


species are attracted to the highway during specific times 
of the year (e.g. bighorn sheep licking road salt in specific 
areas in the Rocky Mountains in North America). 
Seasonal warning signs can also apply to smaller animals 
such as amphibians (Fig. 24.4B) that leave their winter 
hibernacula to move to breeding habitat in large num- 
bers during a short period in spring (Chapter 31). If the 
warning relates to certain hours of the day, the signs may 
be permanent, but their message may be enhanced dur- 
ing the time of the day with peak wildlife activity (e.g. 
flashing lights around dusk and dawn). 

Animal detection systems use electronic sensors to 
detect large animals (i.e. deer size and larger) that 
approach the road; signs are then activated to warn 
drivers (Fig. 24.5). These signs are very specific in time 
and place. However, current animal detection systems 
are unlikely to work for small- to medium-sized animals 
because they are more difficult to detect reliably. 


DEER MIGRATION 
USE CAUTION 
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Seasonal wildlife warning sign for (A) deer migration on variable message sign, California, United States, and 
(B) pay attention (common), toad migration, Limburg, the Netherlands. Source: Photographs by Marcel Huijser. 


(A) 


(B) 


Activated warning signs on animal detection systems: (A) ‘wildlife detected’ Colorado, United States, and 
(B) activated warning sign and advisory speed limit reduction, the Netherlands. Source: Photographs by Marcel Huijser. 


24.1 Warning signs are intended to reduce 
the rate and severity of WVC, not the barrier 
effect of roads and traffic 


Wildlife warning signs aim to warn drivers and urge 
them to be more attentive to wildlife that may be on or 
near the road and/or reduce their speed (Fig. 24.6). 
The primary goal of wildlife warning signs is to improve 
human safety by reducing the rate and severity of 
WVC. The concern is not explicitly nor primarily with 
providing safe and effective crossing opportunities for 
wildlife because: 


e Wildlife warning signs do not make it any more 
attractive for wildlife to approach and cross the road. 
Warning signs do not change the fact that roads are 
linear open areas without cover with an unnatural 
substrate (usually asphalt or concrete) and traffic. 

e Wildlife warning signs do not reduce the traffic vol- 
ume and animals still have to avoid vehicles while 
crossing the road. However, depending on the type of 
sign, drivers may be more attentive and may (slightly) 
reduce their speed. This may increase the rate of suc- 
cessful road crossings for some wildlife. However, in 
some situations, drivers feel that an evasive manoeuvre 
would be too dangerous to them or other humans, and 
they may choose to hit the animal. Other drivers will 
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Reliable warning signals 


Increased driver awareness; large 
animals may be on or near the road 


—_o1—, 


Lower vehicle speed 


Increased driver alertness 


Reduced reaction time 
when confronted with 
an animal ahead 


Shorter 
stopping 


distance 


Vehicle may hit 
animal at lower speed 


Vehicle may not 
hit animal 


Figure 24.6 Warning signs must be reliable before they can be effective. Source: Huijser et al. (2006). 


actually aim to hit and kill certain species (e.g. reptiles; 
Lesson 32.2), and they may use the information pro- 
vided by the warning signs to be more alert and try and 
hit the animals (Ashley et al. 2007). 

e Wildlife warning signs should be located at WVC hot- 
spots. These are not necessarily the same locations 
where wildlife crosses the road successfully or locations 
that need improved connectivity to enhance popula- 
tion viability or where no or few animals cross the road 
currently (Chapter 13). 


24.2 Warning signs must be reliable if they 
are to be effective 


For wildlife warning signs to be effective (i.e. result in 
fewer or less severe WVC), drivers need to respond to 
the warning, which occurs when drivers observe, 
understand and take the signs seriously. Reliability of 
the sign influences driver response (Fig. 24.6), which is 
primarily affected by two factors: 

(i) Location — Are wildlife warning signs installed at 
the road sections that have had the highest numbers of 
WVC or at road sections where animals cross the road 
most frequently? Do drivers perceive these sections as 
high-risk areas? 

(ii) Time of year or day -Is this the season or time of the 
day when drivers are most at risk of WVC? Do drivers 
perceive an increase in movements across the road by 
the target species at the time of year or day indicated? 


Reliability is primarily achieved by installing signs at 
the correct location, which is usually based on reported 
crashes from law enforcement agencies or carcass 
removal data from highway maintenance personnel 
(Chapters 11, 12 and 13). However, for the location or 
road section to be perceived as correct, drivers need to 
have confidence in the organisations that installed the 
signs (with or without providing supporting data to the 
public) or to regularly see the target species dead or 
alive on or near the road. 

If the warning signs are effective, the number of 
crashes and carcasses should decrease, which ironi- 
cally may give the impression that the signs are 
installed at the wrong location. This can be somewhat 
negated if the drivers still see relatively high numbers 
of animals alive on or near the road or if they have 
great confidence in the organisations that installed the 
signs. However, many large mammal species are most 
active from dusk to dawn when visibility for drivers is 
reduced, reducing the probability of observing wildlife 
(Mastro et al. 2010). 

In some areas, WVC data are assessed regularly and 
the locations of signs are adjusted as necessary, includ- 
ing the removal of signs where they have been successful 
in reducing the rate of WVC. After sign removal, the col- 
lision rate can be expected to increase again so that the 
signs may need to be reinstalled after the next evalu- 
ation. This illustrates that selecting the ‘correct’ 
locations for signs should be based on more than just 
the number of crashes or carcasses in recent years 
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(see also Krisp & Durot 2007). While difficult to measure, 
it should ideally be based on the number of animals 
that cross the road and that would be hit by traffic if 
signs were absent. The specific challenges vary for the 
different types of signs: 

* Once a standard sign is installed, it is typically never 
removed, regardless of whether the location or road 
section has continued to be a WVC hotspot or whether 
wildlife still cross the road at relatively high numbers 
(Krisp & Durot 2007). For regionally abundant target 
species (e.g. white-tailed deer in most of North America, 
kangaroos in some parts of Australia), this means that 
standard signs are virtually everywhere and inevitably 
become more abundant and increasingly ignored by 
drivers over time (Krisp & Durot 2007). 

e Standard, enhanced and temporal wildlife warning 
signs tend to relate to road sections rather than discrete 
locations. The longer the road section, the more likely it 
is that drivers will forget the sign and the less likely they 
will continue limiting their speed for the full length of 
the road section (Fig. 24.7). Repeating the signs at rela- 
tively short intervals is not a solution as this leads to 
oversaturation of signs which, as a consequence, are 
then ignored by drivers. Enhanced signs attempt to 
attract more attention from drivers, which is in direct 
conflict with the need to standardise traffic signs so 
that people recognise them quickly, interpret them cor- 
rectly and keep their attention focussed on the road 
and traffic. Temporal signs have the advantage of relat- 
ing to specific species that move through a defined area 


CAUTION 


at certain times and are thus more likely to be perceived 
as reliable compared to standard or enhanced signs. 

e Animal detection systems are time and place specific 
and the associated warning signs should only be activated 
when the target species has been detected. Therefore, cor- 
rectly functioning animal detection systems have the 
potential to be reliable, which can be measured (Huijser 
et al. 2009a). However, actual and perceived reliability 
can differ as drivers may rarely see animals on or along 
the road when the warning signs are activated 
(Sharafsaleh et al. 2012), or they may see animals in the 
proximity of the road with the warning signs turned off 
as the animals are beyond the range of the sensors. 
Regardless, in order to inform the driver adequately, it is 
important that the warning signs are relatively close 
together. A driver should not pass a warning sign without 
being able to see and interpret the next warning sign 
should it be activated. This may require a modification 
of the guidelines for sign placement which tend to be 
based on static signs rather than signs that display no 
message at all unless a danger has been detected. Many 
animal detection systems have a portion of the warn- 
ing signs visible all the time (e.g. an additional flashing 
light is activated after a detection has occurred). It is 
best if no message is displayed unless an animal has 
been detected to minimise the likelihood that drivers 
ignore activated signs and to avoid oversaturating the 
roadside with signs. Additional standard signs spaced 
at relatively great distances can then still address 
potential liability issues. 


Figure 24.7 Enhanced warning sign for kangaroos and cattle that applies to a very long distance (next 420 km), Western 


Australia, Australia. Source: Photograph by Rodney van der Ree. 
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24.3 Standard and enhanced warning signs 
are unlikely to be effective in reducing 
collisions 


Wildlife warning signs are typically considered effec- 
tive if they result in a reduction in the number of WVC. 
Other parameters may also be used to measure effec- 
tiveness, such as a reduction in vehicle speed or other 
driver responses such as touching the brakes or being 
more alert. While drivers may reduce vehicle speed in 
response to standard and enhanced signs (Pojar et al. 
1975; Al-Ghamdi & AlGadhi 2004; Rogers 2004; 
Sullivan et al. 2004), the majority of studies of the effec- 
tiveness of these sign types in reducing WVC concluded 
that they were not effective (e.g. Pojar et al. 1975; 
Coulson 1982; Rogers 2004; Meyer 2006; Bullock et al. 
2011). However, some have found standard warning 
signs to be effective (34% reduction in collisions) imme- 
diately after installation (Found & Boyce 2011) or at a 
gap in a fence with a crosswalk painted on the road sur- 
face (37-43%) (Lehnert & Bissonette 1997). Regardless, 
implementing standard wildlife warning signs may still 
be required or desirable to limit liability concerns. While 
standard and enhanced signs have some educational 
value, one could also argue that drivers may wrongfully 
think that these sign types reduce collisions and conse- 
quently do not support more effective mitigation meas- 
ures that may be more expensive. 


24.4 Warning signs that are place and 
time specific can be effective in reducing 
collisions 


Temporal warning signs tend to be more place specific 
than standard or enhanced warning signs, and, by 
definition, they are also more time specific. Animal 
detection systems are extremely specific in place and 
time. Data on the effectiveness of temporal signs and 
animal detection systems suggest that they can be 
effective in reducing WVC. 

Temporal warning signs can reduce collisions, although 
effectiveness varies substantially (9—50%) (Sullivan et al. 
2004; CDOT 2012). The effectiveness of animal detection 
systems is also variable, but they appear to reduce WVC 
more than temporal signs: 33—97% reduction in collisions 
with large mammals (Mosler-Berger & Romer 2003; 
Huijser et al. 2006; Dai et al. 2009; Gagnon et al. 2010; 
Strein 2010; MnDOT 2011; Sharafsaleh et al. 2012). 
Since the risk of severe crashes (WVC) increases expo- 
nentially with increasing vehicle speed (Kloeden et al. 
1997), it is useful to also evaluate the potential effect of 


activated warning signs associated with animal detection 
systems on vehicle speed. Drivers tend to reduce their 
speed somewhat (<5km/h) (Kistler 1998; Muurinen & 
Ristola 1999; Hammond & Wade 2004; Huijser et al. 
2006) or more substantially (=5—22 km/h) in response 
to activated signs of animal detection systems (Kistler 
1998; Kinley et al. 2003; Gordon et al. 2004; Gagnon 
et al. 2010; Sharafsaleh et al. 2012). The greatest reduc- 
tions in vehicle speed seem to occur when the signs are 
associated with advisory or mandatory speed limit 
reductions or if road conditions and visibility for drivers 
are poor (Kistler 1998; Muurinen & Ristola 1999). 


24.5 Adopt a stepwise approach when 
implementing an animal detection system 


The implementation of animal detection systems 
requires greater planning and investment than stand- 
ard, enhanced or temporal wildlife warning signs. 
Therefore, we recommend that organisations follow 
these steps when installing an animal detection system 
(adapted from Huijser et al. 2009a, 2009b). 


Step 1. Define the problem and the goal. 


Define the problem to be solved (e.g. too many WVC 
with certain species) and the goal including parame- 
ters of effectiveness (e.g. obtain an 80% reduction in 
WVC). Animal detection systems will not be an effec- 
tive solution if the problem cannot be addressed by this 
approach (e.g. the barrier effect of roads and traffic) or 
if the target species is too small to be reliably detected 
(e.g. smaller than deer). 


Step 2. Decide on the strategy. 


A typical approach to dealing with ecological issues 
along roads is to adopt the mitigation hierarchy: avoid, 
minimise, mitigate, and then finally offset or compensate 
(Cuperus et al. 1999; Chapter 7). Animal detection sys- 
tems can mitigate or reduce WVC but are probably inap- 
propriate if the strategy is to avoid or compensate WVC. 


Step 3. Decide on the method or measure. 


If the problem (see Step 1) is ‘too many WVC with large 
mammals’ (e.g. deer size and larger) and if the strategy is 
to reduce the number of WVC, then animal detection sys- 
tems, either as a stand-alone measure or in combination 
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with wildlife fencing, should be considered. However, it is 
advisable to compare these systems to other measures, 
especially wildlife fencing in combination with crossing 
structures for wildlife (Huijser et al. 2009c; Chapters 20 
and 21). The following factors should be considered when 
making a decision on what measures to implement: 

* The level and range of effectiveness of the proposed 
measures in reducing WVC with large species (33-97% 
for detection systems; 80% to nearly 100% for wildlife 
fencing and crossing structures). 

e Animal detection systems should still be considered 
experimental, while wildlife fencing and crossing struc- 
tures can substantially reduce WVC if implemented 
correctly. Detection systems are experimental with 
regard to the level of certainty that a system will be 
operating as desired by a particular date — especially in 
detecting the target species with sufficient reliability — 
and a relatively wide and variable range of effectiveness 
in reducing WVC. The latter is probably associated with 
the different types of detection technologies and the 
great variability in the signs presented to drivers. 

e Isreducing WVC the only goal, or is it also to reduce the 
barrier effect of roads and traffic to wildlife? Detection 
systems do not address the barrier effect in the same way 
as fencing and crossing structures. 

* The costs of the measures. If WVC occur in high 
enough numbers, it may be more cost-effective to 
implement mitigation than to have WVC continue to 
occur (Huijser et al. 2009c). Despite relatively low ini- 
tial costs, detection systems may be more expensive in 
the long term than fencing with crossing structures. 
This is primarily because the latter have a much 
greater projected lifespan. 

If the decision is to explore the potential installation of 
an animal detection system, then proceed with the fol- 
lowing steps: 


Step 4. Identify system and project 
requirements. 


Identify the desired level of effectiveness (e.g. >80% 
reduction in WVC, minimum norm for system reliabil- 
ity in detecting the target species, a certain maximum 
operation and maintenance effort). This is important 
to help select a system and associated signs, and it also 
provides a reference for the functioning of the animal 
detection system and the success of the project. Animal 
detection systems are still experimental and success 
should also relate to increasing the knowledge about 
the implementation, reliability and effectiveness of 
these systems, rather than just a substantial reduction 
in WVC. Animal detection systems can be applied as 


stand-alone mitigation measures or used in combina- 
tion with other measures, such as fencing and crossing 
structures (Chapters 20 and 21). 


Step 5. Identify site characteristics and 
requirements. 


Identify the site-specific conditions and potential asso- 
ciated requirements: 

e WVC: The site should have a history of a relatively high 
number of WVC with large animals because: (i) animal 
detection systems can reduce WVC but not the barrier 
effect of roads and traffic; (ii) animal detection systems 
are typically designed to detect large mammals only; and 
(iii) the costs of the animal detection system may be com- 
pensated by the savings associated with reduced WVC 
and the savings are greatest if the WVC relate to large 
animals that pose the highest risk to vehicles and human 
safety. Ideally, site selection is the outcome of a regional 
prioritisation process based on current WVC hotspots. 

e Historic WVC data and control road section: A before— 
after—-control-impact (BACI) study (see Chapter 10) 
allows for the best type of evaluation of the effective- 
ness of animal detection systems and other mitigation 
measures (van der Grift et al. 2013). Therefore, historic 
WVC data is important (‘before’), as is a road section 
without an animal detection system (‘control’). 

e Animal movements: The site should be located in an 
area where many large animals are known to cross the 
road (daily or seasonally). Only a small proportion of 
the animal movements across a road may currently 
result in WVC, and a system at such sites may protect 
motorists and wildlife against potential future WVC. 
Note that WVC hotspots may not be the locations 
where wildlife populations may benefit most from the 
implementation of an animal detection system; a small 
population size that suffers just a few WVC may be 
more of a conservation concern than a large popula- 
tion with many WVC. 

* Traffic volume: As traffic volume increases, it becomes 
less desirable to have large animals crossing the road at 
grade as sudden braking may result in rear-end vehicle 
collisions. In addition, a threshold in traffic volume may 
be reached where the barrier effect may be close to abso- 
lute with few animals attempting to cross the road. 
While there is no established maximum traffic vol- 
ume for animal detection systems, it appears that 
when traffic volume is 220,000 vehicles per day, an 
animal detection system is almost always undesira- 
ble. The lower the traffic volume (e.g. up to a few 
thousand vehicles per day), the more appropriate an 
animal detection system may be. 
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* Type of traffic: Trucks and buses are less able or less 
willing to respond to the activated signs and slow down. 
Similarly, commuters may drive relatively fast and also 
be less willing to reduce vehicle speed in response to acti- 
vated signs. Thus, animal detection systems may be 
most suitable along highways with a high percentage of 
passenger cars and a high percentage of drivers that are 
not in a particular rush (e.g. tourists). 

* Traffic delays during construction: Compared to wildlife 
underpasses or overpasses, traffic delays and traffic 
control may be minimal when installing an animal 
detection system. 

° Terrain: The terrain along the road edge must allow for 
the installation of an animal detection system. For exam- 
ple, numerous ridges, gullies and rocky outcrops may 
make a location less suitable for an animal detection sys- 
tem, especially break-the-beam systems that require a 
line of sight between a transmitter and a receiver. Difficult 
terrain will also require more sensors and other equip- 
ment than relatively flat areas. 

e Snow depth: Some systems, especially break-the-beam 
systems, can be buried under deep snow and must be 
shut down in winter. Systems with variable sensor 
height could solve this problem. 

e Curves and access roads: The number of curves and 
access roads should be low to minimise the number of 
sensors and to avoid gaps (blind spots) or excessive false 
positives caused by traffic turning on or off the road, 
depending on what sets off the sensors. More sensors 
increase costs, require more sophisticated system inte- 
gration and increase the probability of system failure. 

* Traffic on access roads: Some detection systems are 
triggered by vehicles turning off or on the road, for 
example, at access roads. These false detections may be 
reduced or eliminated by installing vehicle detection 
loops at access roads. A system may be programmed to 
not turn on the warning signs when the wildlife sen- 
sors and the vehicle detection loop report detections 
simultaneously. 

* Vegetation management: Trees and bushes on the edge 
of the pavement increase the probability of false trig- 
gers. Depending on the type of system and signal types, 
the vegetation may need to be mowed or cut in the 
detection area (‘area cover sensors’) or in between a 
transmitter and a receiver (‘break-the-beam’ sensors). 

e Minimum distance of the sensors from the road: While 
there are no standards currently, sensors are typically 
placed within 2-3 m from the edge of the pavement. 
The equipment must have breakaway provisions if the 
equipment is installed in the clear zone. Placing sensors 
further away from the road results in an earlier detec- 
tion and increased warning time for drivers. However, 


animals feeding in the right of way may remain after the 
warning signs have turned off. 

* Landscape aesthetics: Some detection systems require 
substantial equipment in the right of way (e.g. sensors, 
solar panels and associated posts and cabinets), which 
may affect landscape aesthetics. However, system 
hardware is decreasing in size with ongoing research 
and development. 

e Sign activation period: While there are no standards 
currently, warning signs are typically activated for 
several minutes (e.g. 3) after a detection has occurred. 
If a subsequent detection occurs while the warning 
signs are still activated, the clock for the warning 
signs is set back to zero and the signs are activated for 
an additional few minutes. Ideally, the time the warn- 
ing signs are turned on is based on the behaviour of 
the target species on or near the road and how much 
time they take to cross the road under different traffic 
volumes. 

* Length of road section and length of potential evaluation: 
The road length over which detection systems are 
installed varies from several tens of metres (e.g. 30m) 
up to several kilometres. Shorter road sections (e.g. up 
to 200m) may only be useful if the system is located at 
a gap in a fence or at a fence end as it takes time for a 
driver to observe and respond to a warning sign. 
Another consideration is whether the effectiveness in 
reducing WVC is to be evaluated. While the road section 
may qualify as a WVC hotspot, the absolute number of 
pre-mitigation WVC per year may not be very high. 
Since the number of pre-mitigation WVC increases 
with road length, it becomes more likely that the effec- 
tiveness of a detection system can be evaluated if the 
mitigated road section is relatively long (e.g. at least one 
or several kilometres) and spans at least 3—5 years 
(both before and after implementation) as the data are 
often aggregated per year to accommodate for seasonal 
patterns in WVC. The mitigated road section can con- 
sist of a stand-alone detection system or a detection 
system at a fence gap or fence end. Another considera- 
tion with regard to evaluating the effectiveness of a 
detection system is the spatial resolution associated 
with WVC data which typically vary between 0.1 and 
1.0km or mile. If the mitigated road section is shorter 
than the spatial resolution of the WVC data, no evalu- 
ation of the effectiveness can be conducted. Longer 
road sections with a stand-alone detection system are 
more challenging with regard to system integration 
and operation and maintenance than shorter road sec- 
tions at a fence gap or fence end. On the other hand, a 
stand-alone detection system does not restrict where 
animals can cross the road. 
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e Changes in road or landscape: The road and surrounding 
landscape should not be expected to undergo major 
changes within the lifespan of the mitigation measure — 
for animal detection systems perhaps about 10 years. 
However, the detection system may need to be moved 
or extended if the location of successful road crossings 
or location of WVC changes. 

e Project partners: All stakeholders at the site should 
support the project, including permitting, installation, 
operation and maintenance. 

° Travel costs: The site should preferably be close to 
where operation and maintenance personnel have 
their offices. This reduces costs for travel and stay and 
reduces the probability that the managing agency will 
abandon the project. 

e Utilities and communication: The site should allow for 
either solar power or a connection to the power grid. 
Communication facilities (e.g. land phone line or cell 
phone reception) is very useful. 

* Safety for personnel: The site should preferably have a 
safe pull-out location for vendors and maintenance 
and research personnel. 

e Vandalism and theft: The site should preferably have a 
low risk of theft and vandalism, for example, a controlled 
access road only intended for motorised traffic where 
stopping vehicles is not permitted. 


Step 6. Re-evaluate animal detection system 
option versus other measures. 


Given the site characteristics and requirements, re- 
evaluate whether an animal detection system is the 
most appropriate mitigation measure. While there are 
dozens of mitigation measures aimed at reducing 
WVC, animal detection systems and wildlife fencing in 
combination with wildlife crossing structures are the 
most effective. 


Step 7. Obtain an overview of available animal 
detection systems. 


Obtain a current overview of available animal detection 
systems — their vendors and system reliability, effective- 
ness and operation and maintenance effort. 


Step 8. Select a detection system. 


Select a system that meets the goals and the site 
conditions. Ideally, systems considered should meet 
minimum standards for system reliability (see Huijser 
et al. 2009a). If no reliability data are available, 


consider a two-phased contract with the vendor. The 
first phase would entail a beta test of the system in a 
smaller temporary installation to measure system 
reliability prior to a more permanent roadside instal- 
lation in the second phase. 


Step 9. Select the warning signs. 


Identify the most effective warning signs and be aware 
of potential future standards for warning signs for ani- 
mal detection systems. We recommend warning signs 
that only display a message when a detection has 
occurred. Consider pairing a warning with an advisory 
or mandatory speed limit as drivers reduce their vehicle 
speed more substantially (Fig. 24.8). 


Step 10. Take lessons from other projects 
into account. 


Take the lessons learned from other projects into 
account (see Huijser et al. 2006, 2009a; Sharafsaleh 
et al. 2012) when preparing project descriptions, 
contracts and other agreements with vendors, instal- 
lation contractors, researchers and other project 
partners. 


Step 11. Prepare for technical difficulties, 
delays and maintenance. 


Prepare for technological difficulties and substantial 
delays following the installation of an animal detection 
system. It may take many months or years before an 
animal detection system becomes fully operational. 
Even systems that are initially successful will fail with- 
out proper monitoring and maintenance. Also prepare 
for potential abandonment of the project and system 
removal. 


Step 12. Make a realistic risk assessment. 


Make a realistic risk assessment for potential delays, tech- 
nological challenges, the financial situation of a vendor and 
political support for the project. If the outcome of the assess- 
ment is not acceptable, consider alternative mitigation 
measures. Reliability and effectiveness data from some sys- 
tems seem to meet general expectations. Nonetheless, 
animal detection systems should still be considered exper- 
imental rather than a tried and proven ‘plug and play’ 
mitigation measure. This means that if the goal is to 
reduce WVC by a certain percentage by a set date, then a 
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Figure 24.8 Animal detection system with inactivated and ‘invisible’ warning signs (A) and activated warning sign and 
mandatory speed limit reduction to 40 km/h (B). Source: Photograph by Christa Mosler. 


more reliable and proven technique may be to install wild- 
life fencing in combination with crossing structures. 
However, if the goal is also to further develop animal 
detection systems, then consider initiating the project. 


Step 13. Conduct system acceptance tests. 


The basic system functioning of the system should be 
evaluated before the warning signs or lights are attached 
and drivers are exposed to the warning signs. These ‘sys- 
tem acceptance tests’ should ensure that each detection 
zone is operational and identify any blind spots that may 
be present. In addition, the detection data should be 
regularly analysed for unexpected patterns (e.g. detec- 
tions that do not match expectations of when and how 
frequently animals move in the road section). To facili- 
tate system acceptance tests, all individual detections 
should be saved with a date and time stamp and detec- 
tion zone in a log. Efficient monitoring of the system 
can be achieved by having remote access to the detec- 
tion log and automatic screening and summaries of 
the reliability and status parameters of the system. 


Step 14. Document and publish experiences and 
study results. 


Document and publish the experiences and lessons 
learned, including data on the reliability, effectiveness 
and robustness of the system, regardless of the success of 


the project. This will allow transportation agencies to 
make better informed decisions in the future. 


24.6 Warning signs can be used with other 
mitigation measures 


The actual and perceived reliability or effectiveness of 
all wildlife warning signs can be improved when used in 
combination with other mitigation measures, especially 
fencing and crossing structures (Fig. 24.9). For exam- 
ple, all types of signs can be installed at a gap in a fence 
where animals are allowed to cross the road at grade 
(Lehnert & Bissonette 1997; Gagnon et al. 2010; 
Fig. 24.10; Chapter 20), encouraging drivers to pay 
increased attention to wildlife at that location. Wildlife 
should be prevented from straying onto the roadway at 
fence gaps or fence ends using wildlife guards or electric 
mats (Fig. 20.11; Lesson 20.5). However, at-grade 
crossings expose drivers and wildlife to potential colli- 
sions, while crossing structures physically separate traf- 
fic and wildlife, thereby substantially reducing WVC. 
All types of wildlife warning signs may be combined 
with advisory or mandatory speed limit reduction. 
However, requesting or demanding lower vehicle speeds 
over long distances on highways that have a design 
speed that is higher than the advisory or mandatory 
speed limit is not advised. This may result in speed 
dispersion and an increase in high-risk passing behav- 
iour and head-on collisions as a result of mixing 
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Figure 24.9 Schematic representation of potential applications of animal detection systems along a road. (A) System installed 
over a relatively long road section without wildlife fencing. (B) System installed in a gap with extensive wildlife fences on either 
side, including illustration of potential wildlife movements into the fenced right of way. (C) System installed in a gap with limited 
wildlife fences on either side aimed at funnelling the animals towards the road section with the system. (D) System installed at 
the end of extensive wildlife fencing. (E) System installed at the end of extensive wildlife fencing aimed at funnelling the animals 
through an underpass. (F) System installed at a low-volume frontage road adjacent to a high-volume highway with a wildlife 


underpass and wildlife fencing. Source: Huijser et al. (2006). 


slow-moving vehicles (drivers who adhere to the lower 
posted speed limit) with fast-moving vehicles (drivers 
who drive a speed consistent with the design speed). 
Advisory or mandatory speed limits should only be con- 
sidered at specific locations and times when and where 
the risk for WVC is greatest. 


CONCLUSIONS 


Standard and enhanced wildlife warning signs are 
unlikely to be effective in reducing WVC. Their abun- 
dance appears to be based on engrained practices, their 
relatively low cost, a desire to inform the public about 
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Figure 24.10 Moose detection system at a gap in a wildlife fence, southern Sweden. Source: Photograph by Mattias Olsson. 


the impact of WVC on human safety and nature con- 
servation, and possible litigation concerns, rather than 
a proven substantial reduction in WVC. 

Temporal warning signs and animal detection systems 
are more time and place specific with their messages and 
can effectively reduce WVC. However, in contrast to the 
other sign types, the installation of detection systems 
takes considerable effort and many detection system pro- 
jects experience technological or management problems. 
While some detection systems are reliable and substan- 
tially reduce collisions with large mammals, the approach 
should still be considered experimental and a stepwise 
approach when implementing these systems — as outlined 
in this chapter — is highly recommended. This includes 
defining measurable goals for the project and making a 
realistic assessment of the likelihood of success. 

Warning signs, especially animal detection systems, 
can be combined with other mitigation measures such 
as wildlife fencing and wildlife crossing structures. For 
example, detection systems can be installed at a gap in 
a fence or at a fence end. In such situations, it is sug- 
gested to add wildlife guards or electric mats embedded 
in the road to discourage animals from straying into 
the fenced right of way. 


FURTHER READING 


Gagnon et al. (2010): Successful implementation of an ani- 
mal detection system and electric mat embedded in the road 
surface at a fence end. Collisions with elk were all but 


eliminated from the mitigated road section (combination of 
wildlife fence, detection system and electric mat). 

Huijser et al. (2009a): Reports on the reliability of a range of 
different detection systems from different manufacturers in 
a controlled environment with livestock as models for wild 
ungulates. Also contains a basis for minimum norms for 
system reliability. 

Huijser et al. (2009b): Assessment of a detection system pro- 
ject and lessons learned. Includes data on the reliability and 
effectiveness of the system in reducing collisions with large 
mammals. 

Mosler-Berger and Romer (2003): Successful implementation 
of several detection systems in Switzerland that reduced 
WVC with large ungulates substantially. Suggests that signs 
combined with advisory or mandatory speed limit reduction 
are most effective in reducing vehicle speed. 
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SUMMARY 


Roads present an unnatural and confusing environment for wildlife and humans alike. Wildlife reflectors 
and auditory deterrents aim to modify the behaviour of wildlife on or adjacent to the road. Reflectors are 
designed to redirect the light from oncoming vehicles into the adjacent verge, while auditory deterrents are 
designed to cause pain, irritation or masking of other biologically relevant noises. Both techniques attempt 
to warn animals and discourage them from attempting to cross roads in front of approaching vehicles, with 
the ultimate goal of reducing the rate of wildlife-vehicle collisions (WVC). 

25.1 Most studies of the effectiveness of wildlife warning reflectors have been poorly designed and are 


inconclusive. 

25.2 The colour and intensity of light produced by reflectors may not elicit a response in the target 
species. 

25.3 Wildlife warning reflectors are unlikely to alter animal behaviour and prevent WVC. 

25.4 Auditory deterrents, typically mounted to the front of vehicles, appear ineffective at modifying 
animal behaviour and are unlikely to significantly reduce the rate of WVC. 

Wildlife reflectors and auditory deterrents may add to the complexity of the roadway environment without 
achieving the intended effect of preventing WVC. Given the unproven effectiveness of these techniques and 
the potential negative consequences of using the devices, the implementation of wildlife warning reflectors 
and auditory deterrents is not recommended. 
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INTRODUCTION 


Wildlife warning reflectors and vehicle-mounted audi- 
tory deterrents (e.g. wildlife warning whistles) are 
intended to reduce WVC with primarily deer species 
and other large herbivores by modifying their behav- 
iour. Manufacturers claim that the reflectors deter 
animals from attempting road crossings by altering 
and deflecting light from oncoming vehicle headlights 
across the road and into the roadside verge to provide a 


visual warning (Strieter Corp., unpublished instruction 
manual: 3). Reflectors are mounted on posts along road- 
sides and consist of a housing with reflective mirrors, 
which redirect light through coloured lenses, usually red 
(Fig. 25.1). The reflectors are staggered on both sides of 
the road, and the headlights of approaching vehicles 
shine on the reflectors, and light travels diagonally across 
the road to the next reflector in the installation (Fig. 25.2). 
Reflectors may also be added on the backs of the posts to 
direct additional light away from the roadway. 


Headlights from approaching 
vehicle strike the reflector 
mounted on a post, directing 
light across the road. 

The suggested reason this might 
be effective is that animals may 
be disturbed by the light and are 
less likely to proceed toward the 
road. Studies have not yet 
provided evidence for this. 
Reflectors are spaced so that 
light reflects through a brightening 
arc and will, to some extent, 
cover the whole of the roadside. 
Light would be perceived as a 
series of one or more flashes. 


Figure 25.2 There is currently no evidence that roadside reflectors effectively reduce wildlife—vehicle collisions. This 
schematic shows the theoretical application of roadside reflectors, where light from oncoming vehicles are reflected across the 
road (and possibly onto the opposite reflectors) and into both verges (although light only shown on one verge to improve clarity), 
thereby discouraging wildlife from attempting to cross the road. Source: Reproduced with permission of Scott Watson. 


Wildlife warning whistles are mounted to the front 
of the vehicle and emit noise as the vehicle is driven. 
Invented in 1979 in Austria (Romin & Dalton 1992), 
they are inexpensive, readily available and widely 
used in North America and Europe for deer and in 
Australia for kangaroos. More recently, battery- 
operated devices have been developed that produce 
and propagate noises, even when the vehicle is 
stationary. 

Wildlife warning reflectors and auditory deterrents 
are marketed as a proven and humane technique for 
reducing WVC (e.g. www:strieter-lite.com, www. 
shuroo.com.au). Planners find it difficult to decide 
whether reflectors and/or whistles are a good invest- 
ment for reducing the risk of WVC. The aim of this 
chapter is to raise awareness of past experiences with 
these devices, possible explanations for why reflectors 
and whistles remain unproven and insights into the 
limitations of altering the behaviour of wildlife in the 
immediate vicinity of roads. 


LESSONS 


25.1 Most studies of the effectiveness of 
wildlife warning reflectors have been poorly 
designed and are inconclusive 


Studies of the effectiveness of a range of wildlife 
warning reflector models have produced variable 
results (Gilbert 1982; Armstrong 1992; Reeve & 
Anderson 1993; Pafko & Kovach 1996; Gulen et al. 
2006). Researchers have used a diversity of methods 
with various levels of scientific validity to study the 
effectiveness of reflectors (D’Angelo et al. 2005). 
However, there remains a limited understanding of 
reflector efficacy. Most reflector evaluations were 
based on counts of WVC within test sections that 
were either (i) pre- and post-installation of reflectors 
(Ingebrigtsen & Ludwig 1986; Waring et al. 1991; 
Pafko & Kovach 1996); (ii) when reflectors were cov- 
ered versus uncovered (Schafer & Penland 1985; 
Woodham 1991; Armstrong 1992); or (iii) within 
sections of roads with reflectors as compared to 
adjacent control sections without reflectors (Reeve & 
Anderson 1993; Sielecki 2001). Such methods 
failed to consider changes in animal densities, sea- 
sonal movements or traffic patterns. Little is known 
about how animals react to reflector activation or if 
individual animals become habituated to the devices 
over time. Beyond differences in experimental design, 
comparison of results among different reflector 
studies is further confounded by the variety 
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of reflector models tested and the distinct spectral 
properties of the different devices (D’ Angelo et al. 2005). 

Studies were also often limited by sample size and 
poor experimental design. In most cases, animal car- 
casses along roads were counted, but rarely were quality 
controls such as video surveillance of test sections, 
driver surveys or accident reports used to account for 
collisions where animals are left on the roadside. Most 
reflector studies also provided little data on the behav- 
iour of free-ranging animals to reflector activation, a 
significant omission, given that these behavioural 
reactions constitute the basis for the purported effec- 
tiveness of reflectors. 


25.2 The colour and intensity of light 
produced by reflectors may not elicit a 
response in the target species 


Examinations of the visual abilities in white-tailed 
deer and fallow deer have shown that peak sensitivity 
of colour vision is well below the long wavelength of 
red (Jacobs et al. 1994), which is the most commonly 
marketed colour of wildlife warning reflectors. Most 
marsupials have dichromatic vision, lacking sensitiv- 
ity to long wavelengths (Fig. 18.2) (Hemmi et al. 
2000; Deeb et al. 2003), which would likely render red 
reflectors ineffective in deterring collisions with these 
species as well. 

The effectiveness of four wildlife warning reflector 
lens colours (blue-green, amber, red and white) was 
evaluated for altering the behaviour of white-tailed 
deer along roads (D’Angelo et al. 2006). Based on 
characteristics of deer colour vision and the assump- 
tion that reflectors are effective, they hypothesised that 
short-wavelength (i.e. blue-green) reflector lens col- 
ours would be the most effective and long-wavelength 
(i.e. red) lens colours would be the least effective for 
preventing deer—vehicle collisions. The experiment 
demonstrated nearly opposite results. The highest level 
of deer—vehicle collision risk, based on deer behaviour 
along roadways, was observed during the blue-green 
reflector treatments with slightly lower levels of risk 
during the amber, red and white reflector treatments, 
in respective order of decreased risk. These results sug- 
gest that negative responses by animals may directly 
increase with greater sensitivity to different colours of 
light from reflectors. 

Evidence for animals with nocturnal visual systems 
suggests that the rapidity of their visual adaptation 
from darkness to abrupt increases in light (e.g. vehicle 
headlights) may be considerably slower than that of 
daylight-active species like humans (Ali & Klyne 1985). 
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A possible explanation for the increase in WVC in areas 
where reflectors were installed in some studies may be 
that light from reflectors, in combination with vehicle 
headlights, overwhelmed the animals’ visual system. 


25.3 Wildlife warning reflectors are 
unlikely to alter animal behaviour and 
prevent WVC 


Few descriptions from the scientific literature exist that 
describe animal behaviour in direct interaction with 
vehicles when reflectors are activated. Observations of 
the response of white-tailed deer to vehicles suggest 
that deer tend to avoid crossing roads in the presence of 
vehicles, regardless of whether reflectors are in place 
(D'Angelo et al. 2006). Likewise, Waring et al. (1991) 
observed that greater than 70% of crossings by white- 
tailed deer were completed without a deer—vehicle 
interaction on a two-lane highway with regular traffic. 

Fallow deer quickly became habituated to repeatedly 
occurring light reflections from a red WEGU reflector 
(Walter Drabing KG, Kassel, Germany) placed directly in 
front of a bait site (Ujvari et al. 1998). During the first 
experimental night, fallow deer fled from the stimulus in 
99% of cases but exhibited increasing indifference to 
reflections over the remaining 16 nights. This was inter- 
preted as habituation of the deer to the stimulus. Similarly, 
captive red kangaroos and red-necked wallabies showed a 
negligible behavioural response to a simulated roadway 
environment with wildlife warning reflectors activated by 
aseries of lights (Ramp & Croft 2006). 

The primary intent of using wildlife warning 
reflectors is to elicit a response from an animal in the 
immediate vicinity of moving vehicles. Behavioural 
responses to stimuli may differ among species and indi- 
viduals depending on several factors (e.g. number of 
animals in a group, season, roadside characteristics, 
number of traffic lanes, traffic volume, traffic speed). 
Two possible behavioural responses to reflectors could 
be directional flight or vigilance (i.e. stop and observe). 
Depending on the location of the animal relative to the 
roadway at the time of the behavioural response and 
their direction of travel and also based on the reaction 
of the animal, a WVC could either be averted or occur. 
Given the unpredictable behaviour of wildlife under 
various roadway conditions, the theoretical basis for 
using wildlife warning reflectors and similar devices to 
prevent WVC is questionable. Therefore, in the interest 
of motorist safety, we recommend that planners do not 
consider the use of wildlife warning reflectors. 


25.4 Auditory deterrents are ineffective 
at modifying the behaviour of wildlife and 
unlikely to reduce the rate of WVC 


Auditory deterrents are used in a wide range of situ- 
ations as a non-lethal method to modify animal 
behaviour and are promoted as humane, inexpen- 
sive, scientifically proven and easy to use (Bomford & 
O’Brien 1990; Bender 2001). However, there is no 
published scientific evidence to indicate they are 
effective at modifying animal behaviour or reducing 
the rate of WVC (Romin & Dalton 1992; Ujvari et al. 
1998; Bender 2001; Scheifele et al. 2003; Valitski 
et al. 2009). 

There are a number of compelling reasons why 
vehicle-mounted auditory deterrent systems are 
unlikely to ever be effective. First, most whistles are 
designed (and purported) to emit noise in the 
16-25 kHz range (i.e. ultrasonic), but most tests have 
demonstrated that their actual performance differs 
from that stated by manufacturers (e.g. Bender 2001; 
Scheifele et al. 2003). Second, sound attenuates (i.e. 
becomes quieter) with increasing distance from the 
source, and higher-frequency sounds attenuate more 
quickly than lower frequencies. Therefore, the effec- 
tive distance of high-frequency ultrasonic noises gen- 
erated by whistles or other vehicle-mounted devices is 
unlikely to extend far enough in front of fast-moving 
vehicles to give the animal time to respond and move 
away from the road (Bender 2001; Scheifele et al. 
2003). In addition, environmental conditions (e.g. 
weather, topography, vegetation) and road design 
(e.g. bends or cuttings) will further reduce the effective 
distance of ultrasonic deterrents. This is potentially 
problematic, because they are designed to work on the 
premise that animals are alerted with sufficient time to 
respond and move away, rather than be startled and 
move onto the road in front of oncoming vehicles. 
Third, the designed frequency spectrum of the gener- 
ated noise will be compromised by other engine and 
road noises, potentially masking the high-frequency 
sounds that are purported to affect animal behaviour. 
Fourth, animals typically habituate quickly to noises 
(Bomford & O’Brien 1990), and the response to 
vehicle-mounted auditory deterrents should be no 
different, and unless there is an associated negative 
stimulus, animals will habituate to the whistles. 
Finally, whistles mounted to the front of vehicles are 
easily blocked by insects, thus not producing any 
sound at all and potentially giving drivers a false sense 
of protection. 


CONCLUSIONS 


The road-crossing success of animals in localised areas 
may be impacted by factors such as vehicle speed, traf- 
fic volume and patterns, vehicle types, motorist aware- 
ness of wildlife, weather conditions, ambient and 
vehicle-produced light and noise levels, characteristics 
of the habitat-roadway interface and mitigation meas- 
ures (D’Angelo et al. 2005). Irrespective of the 
unproven effectiveness of reflectors or questions of 
transmission of light (intensity and wavelength) from 
reflectors and noise from whistles, attempting to affect 
the behaviour of animals in the immediate vicinity of 
the roadway is a poor strategy. The myriad of stimuli 
already present on vehicles and along roads do not pre- 
vent animals from crossing roads in the presence of 
moving vehicles. For these same reasons, as well as 
logistical challenges of delivery in the field, approaches 
using predator odours and diversionary feeding are 
similarly unlikely to be effective across large spatial 
scales. Until effective science-based strategies become 
available, management efforts should focus on: (i) avoid- 
ing the construction of new roads in areas with large- 
bodied animals; (ii) using fencing and wildlife crossing 
structures (Chapters 20 and 21) to prevent access by 
wildlife to the roadway and facilitate connectivity; 
(iii) proper population management programmes; 
(iv) controlling roadside vegetation to minimise its 
attractiveness to wildlife and to maximise visibility for 
motorists (Chapter 46); (v) increasing motorist awareness 
of danger associated with WVC; and (vi) minimisation 
of unnecessary stimuli in the roadway environment that 
may increase confusion of wildlife. Our understanding of 
animal senses continues to expand and be refined. Future 
development of animal deterrent strategies should be 
guided by our knowledge of animal senses and their 
behaviours in roadway environments and be subject to 
thorough independent testing prior to deployment. 


FURTHER READING 


Blackwell and Seamans (2008): Vehicles present a complex 
array of stimuli that can confuse wildlife along the road 
verge. This research demonstrated that specific vehicle 
headlight designs with light transmissions that better 
complemented the peak visual capabilities of white-tailed 
deer at night yielded an earlier flight by deer from an 
approaching vehicle. 

D'Angelo et al. (2006): An in-depth examination of white- 
tailed deer behaviour in close proximity to roads during 
activation of wildlife reflectors by vehicles which 
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showed that wildlife warning reflectors did not alter 
deer behaviour such that deer—vehicle collisions might 
be prevented. 

Grandin and Johnson (2005): Presents unique perspectives 
about animal behaviours that result from the animal’s biol- 
ogy, evolution, and situational awareness. The lead author, 
Temple Grandin, is an animal scientist who uses her own 
experiences of living with autism to explain how animals 
perceive the world. 

Bomford and O’Brien (1990): A detailed overview of the use 
of auditory deterrents for wildlife, including a summary of 
use and effectiveness in different situations, the theoretical 
basis for their use and the many problems associated with 
their deployment. 
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SUMMARY 


Compared to roads, relatively little is known about the ecological effects of railways on wildlife. Railways 
and roads are frequently co-aligned in the same corridor, but most road ecology projects ignore parallel rail- 
ways due to landownership issues, road-specific funding or perceptions that railway impacts are negligible. 
Railways and trains can negatively affect wildlife and the environment in ways similar to roads and vehicles 
(including wildlife mortality, habitat loss and fragmentation), but the degree of these impacts may differ. 
Most research has focused on evaluating the impacts of trains and railways, with little attention towards 
mitigation, and most research projects have focused solely on moose and bears. 
26.1 Railways and trains affect wildlife in similar ways to roads and vehicles, but the degree of impact 
differs. 
26.2 Railways impact wildlife in unique ways that are not well understood. 
26.3 Wildlife—train collisions are a multifactor problem. 
26.4 Mitigation options exist but some are more proven than others. 

Many of the solutions developed for roads can probably be applied successfully to railways, but in some 
cases, new approaches and technologies are needed. 


INTRODUCTION concrete surface with two or more steel rails. This 

change could be considered minor in environments 
Railways alter landscapes in simple yet profound where the ground is naturally rocky or barren, but 
ways. The construction of a railway line converts a in forests and other well-vegetated landscapes, the 
relatively narrow strip of land into a rocky or gap created by the railway can be a conduit for 
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poachers, weeds and invasive species as well as a 
barrier to the movement of wildlife. Railways can 
also fragment natural areas into ever smaller pieces, 
modifying the behaviour and reducing the survival 
of some wildlife species. Changes can also occur 
when the disruption or increased mortality of one 
species affects another, with potentially cascading 
effects. Thus, it is important to consider ecosystems 
and not just individual species when quantifying 
impacts of railways and trains and designing mitiga- 
tion strategies. 

A better understanding of the ecological effects of 
railways is needed because the global rail network is 
extensive (about 1.4 million km globally) and many 
nations are extending and/or increasing the capacity 
of their railway networks (UIC 2013). Most efforts 
will focus on building new high-speed railways (HSR), 
which are projected to double in total track length 
from the current 21,472 km in operation today over 
the next 15 years (UIC 2013). Both HSR and tradi- 
tional systems (speeds <200 km/h) are being increas- 
ingly relied upon because they are more efficient than 
automobiles at moving goods and people. Even tradi- 
tional railways can transport up to 500 ton-miles/ 
gallon (0.541/100km for 0.89 tonnes), resulting in 
two to five times higher fuel efficiency than truck 
transport, as well as using 21% less energy per pas- 
senger mile (Welbes 2011). Thus, moving freight and 
people by rail can reduce carbon dioxide emissions 
(AASHTO 2007), reduce traffic congestion and yield 
other environmental benefits, compared to road 
transportation. 

In this chapter, we describe the negative effects of 
railways and trains on wildlife and suggest ways to 
minimise and mitigate those impacts. Wildlife often 
provide the best indicator of railway impacts on an 
ecosystem because they are easy to measure and are 
often of public or economic interest due to train 
strikes and the loss of harvestable resources (see also 
Chapter 42). However, some species are incredibly 
adaptable to changes in their environment, and wild- 
life populations and behaviour cannot be used as the 
only indicator of railway impacts on ecosystems. 
Likewise, individual wildlife species may contradict 
generalities regarding specific impacts. For example, 
moose and fox have been documented to utilise 
railways for movements (Child 1983; Kolb 1984) in 
contrast to many species that avoid railways altogether. 
As a result, this chapter describes specific scenarios 
where impacts have been discovered and their possible 
solutions. 


LESSONS 


26.1 Railways and trains affect wildlife in 
similar ways to roads and vehicles, but the 
degree of impact differs 


Railways and trains, like roads and vehicles, have the 
potential to negatively affect wildlife. Impacts are gen- 
erally similar along roads and railways because they 
both convert a strip of land into an area that has mov- 
ing trains and cars that can strike animals and emit 
noise, light and chemical pollution. Four broad types of 
impacts are evident (Dorsey 2011), with the most obvi- 
ous being direct mortality due to wildlife-train collision 
(WTC). The remaining impacts are habitat alteration, 
habitat fragmentation and barrier effects (van der Grift 
1999). The earliest road ecology research speculated 
that the same impacts were occurring along railways, 
although likely at lower levels (Forman et al. 2003). 
However, closer inspection of impacts is needed because 
it appears this rule of thumb may not always hold true. 
In some cases, the impacts may be greater than those 
occurring along roads, and in almost all cases, railway 
impacts are more difficult to detect. 

Wildlife mortality occurs along railways due to WTC, 
electrocution, rail entrapment and wire strikes. In 
some scenarios, wildlife can become trapped between 
the two rails and overheat due to excessive exposure to 
the sun and the heating up of the rails and rock ballast 
(Kornilev et al. 2006; Fig. 26.1). WTC are the most 
common cause of mortality and have been documented 
for at least 84 different species ranging from Asian ele- 
phants to box turtles, lizards and birds (Fig. 26.2) 
(Dorsey 2011). In some cases, the rate of WTC has 
clearly impacted wildlife populations. For example, a 
70% decline in a moose population in Alaska was 
attributed to WTC (Schwartz & Bartley 1991). In 
another example, the rate of WTC of brown bears along 
co-aligned transportation features was equal to or 
higher than roadkill rates (Huber et al. 1998). In one 
case, bear—train collisions were twice as frequent on a 
railway compared to a parallel road and were the sec- 
ond highest cause of mortality after poaching (Waller & 
Servheen 2005). In these circumstances, railways 
likely affected the population to a greater extent than 
roads. WTC are common because many wildlife species 
are able to traverse or utilise the land altered by railways 
(Fig. 26.3) and are therefore at risk of collision. 

Habitat alteration occurs through the construction 
and operation of railways. One approach to determine 
the amount of habitat altered is based on the width of 
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5.1 Turtles enter railway tracks, usually at locations where the tracks are level with the ground, such as level-train 


crossings, and, after moving along the tracks, are unable to climb out. Thirty of the 128 spotted pond turtles found along a 
33 km section of railway through Dudhwa Tiger Reserve, India, in 2012 were dead. Source: Photographs by and reproduced 


with permission of Subrat Behera, Wildlife Trust of India. 


A) Elephant-train collisions are common in parts of Asia where railways dissect areas populated by elephants. 


(B ) “Mortality due to wildlife—train collisions often attracts scavengers who are also at risk. In this example, a northern goshawk 
was killed after being struck by a train while scavenging on a dead moose. Source: (A) Photograph by and reproduced with 


permission of A. S. Negi; and (B) photograph by M. Olsson. 


a standard gauge rail line (1435 mm), plus the right of 
way (ROW), typically totalling 15m per track 
(Carpenter & Lewis 1994). This approach is overly sim- 
plistic because some species, such as Mongolian 
gazelles, may avoid railways at much greater distances, 
even as much as 300m (Ito et al. 2005; Chapter 58). 


Second, it ignores the effects of noise, human presence 
and other factors that may operate outside the bounda- 
ries of the physical footprint. 

Habitat fragmentation occurs when a patch of habi- 
tat is broken into smaller pieces, subdividing popula- 
tions (Forman & Deblinger 2000) and often resulting 
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Figure 26.3 (A) Moose tracks show evidence of foraging on vegetation along a railway right of way. In this case, the fence, 
designed for cattle, is not a barrier to moose. (B) Wolves use the Canadian Pacific Railway in Banff National Park to move 
efficiently across this forested landscape. Source: (A) Photograph by and reproduced with permission of Evelina Augustsson; 
and (B) photograph by and reproduced with permission of Alli Banting. 


in decreased biodiversity. Fragmentation can affect 
populations because the environmental conditions 
within the gaps between the original habitat may 
change, and subsequently be utilised by different spe- 
cies; for example open-habitat species versus closed 
habitat specialists. Depending on the type and location 
of fragmentation increased rates of WTC may occur. 
Barrier effects may result from (i) species-specific 
interactions with railway design (e.g. fencing, railway 
tracks, rock ballast); (ii) lack of natural cover (e.g. gaps 
in forest canopy or other vegetation); and/or (iii) avoid- 
ing other conditions (e.g. sounds, sights or human 
presence). Reduced movements have been documented 
for wary and limited-mobility species such as the east- 
ern box turtle which are physically unable to climb 
over standard gauge rails (Kornilev et al. 2006). Other 
species may be physically able to cross but do not 
because of exposure to risky conditions (predation or 
thermal maximums) or perceived risk (e.g. wariness). 
The strength of a barrier is location and species spe- 
cific and likely varies with train traffic volume. While 
some species such as moose preferentially move along 
railways (Fig. 26.3), others like the Mongolian gazelle 
rarely cross despite being physically able to leap great 
heights and travel large distances (Ito et al. 2005). In 
fact, many wildlife species appear able to move across 
and along the land altered by railways (Figs 26.3 and 
26.4), and the exceptions appear to be species with 
extreme wariness and/or limited mobility. Wildlife 
have been documented using railways for foraging, 
accessing critical resources, migrating and dispers- 
ing. However, habitat use often coincides with other 
impacts such as increased WTC; thus, the perceived 


benefits of habitat use need to be considered relative to 
other impacts. 

The loss and fragmentation of habitat and barrier 
effects due to railways do not appear to affect wildlife to 
the same degree as roads. In many cases, this is likely 
because the footprint of railways is narrower and 
volume of train traffic lower. Also, railway networks 
are much less extensive than for roads and are often 
co-aligned with road corridors. However, each existing 
and proposed railway has the potential to effect wildlife 
in a range of deleterious ways and should therefore be 
thoroughly assessed in its own right and in concert 
with adjacent roads. 


26.2 Railways impact wildlife in unique 
ways that are not well understood 


Most of our understanding about railway impacts on 
wildlife comes from a small number of studies from 
North America and Europe on a few species, primarily 
moose and bears (see Dorsey 2011). Large mammals 
such as moose, bears and elephants have likely received 
the most attention because they hold special economic 
or conservation status and in some cases can cause sig- 
nificant damage to trains (Fig. 26.2A). The countries 
with the largest rail networks, including China, are just 
beginning to examine the impacts of railways on wild- 
life (Ito et al. 2005). Consequently, our understanding 
of the ecological impacts of railways and trains is 
incomplete. Important areas for future research 
include the effects of train noise (see also Chapter 19) 
and the cumulative effects from the interactions 
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Figure 26.4 A grizzly bear in Banff National Park, Canada, eating wheat leaked from moving trains. Source: Photograph 


by B. Dorsey. 


between railways and other landscape features, 
especially co-aligned roads. 

Railways and roads may interact or have cumulative 
impacts that are not typically addressed in most case 
studies. The cumulative impact of multiple transporta- 
tion features may exacerbate impacts or result in unique 
impacts. In one case, the number of linear features 
including roads and railways that separated breeding 
habitat for moor frogs better explained the genetic differ- 
ences than geographic distance (Reh & Seitz 1990). The 
cumulative effect of railways and roads has resulted in 
increased barrier effects and WTC for a range of species 
(Skogland 1986; Vos et al. 2001). For example, grizzly 
bears in Montana, United States, crossed a transporta- 
tion corridor when highway traffic volume was lowest 
but train traffic was highest (Waller & Servheen 2005), 
resulting in higher bear mortalities on the railroad com- 
pared to the highway. These potential interactions need 
to be considered when studying impacts and designing 
mitigation. However, clustering transportation features 
is likely preferable to spreading them out because habi- 
tat fragmentation is reduced while transportation effi- 
ciency is improved. Co-aligning multiple features also 
allows for cost-effective mitigation by concentrating 
fencing and wildlife crossing structures to the same 
location. However, there is likely a limit to the effective- 
ness of crossing structures associated with increasing 
length as they pass under multiple linear features. 

Trains produce noise, often at high frequency and 
high intensity, but typically of short duration at any one 
location. In the Netherlands, noise level and duration 


have been correlated with decreased avian density and 
may affect wildlife behaviour (Waterman et al. 2002). 
The disturbance effects due to train noise are likely 
species specific and vary with sound characteristics, 
speed, train traffic and design (see also Chapter 19). 
High-speed trains typically generate high-intensity 
noise across a range of frequencies, and the impacts are 
of particular importance because of the widespread 
and rapid expansion of HSR around the world. 

Railways also create indirect or secondary impacts 
such as increased human presence and related distur- 
bance, similar to roads (e.g. poaching and land use 
change; Chapters 2, 3 and 56). Indirect impacts occur 
while the railway is operational and after it has been 
decommissioned and thus can affect wildlife over long 
time periods. Indirect long-term impacts need research 
attention and opportunity for research on these impacts 
exists in countries like Brazil and China, where new rail- 
ways are being built through relatively undeveloped 
landscapes (Chapters 51 and 57). 


26.3 Wildlife-train collisions are 
a multifactor problem 


It may be surprising to learn wildlife are killed by trains, 
sometimes in large groups (e.g. 270 individuals simul- 
taneously), because trains are usually thought of as 
loud, large and slow moving (Associated Press 2011). 
Even though most of the world’s railways operate at 
speeds less than 200 km/h, they can be relatively silent, 


224 Handbook of road ecology 


particularly when descending a grade, often resulting 
in WTC. Additionally, trains cannot evade wildlife nor 
stop quickly, resulting in many collisions that may have 
been avoided by vehicles on a road. 

There has been much research focused on quanti- 
fying the rates of WTC and the factors influencing it 
(Seiler & Helldin 2005).The abundance of wildlife in 
habitat adjacent to a railroad is a primary factor 
because higher wildlife abundance exposes more 
individuals to approaching trains. Strikes for ungu- 
lates and carnivores are common where high-quality 
wildlife habitat and railways intersect (Modafferi 
1991). More herbivores than carnivores are usually 
struck, which probably reflects their relative abun- 
dance as well as a tendency for herbivores to browse 
or graze within railway easements (Fig. 26.3A) 
(Andersen et al. 1991). However, some carnivores 
frequently encounter railways due to their large 
home ranges and/or move along them (Fig. 26.3B), 
increasing their risk of collision. Some wildlife also 
behave in ways that increase their likelihood of being 
struck. For example, moose flee down the track when 
a train approaches, typically resulting in WTC and 
death for the individual (Child 1983; Rea et al. 2010). 
Forage including natural vegetation, carrion and 


Textbox 26.1 Ungulate-train collisions in Sweden. 


Wildlife—train collisions have become more frequent in 
Sweden during the past decade. Collisions with moose 
appear to be twice as frequent on railways compared 
to roads, and the costs are significant. Nevertheless, 
empirical knowledge about train collisions in Sweden 
is poor. Long-term trends and large-scale patterns in 
collisions appear to primarily reflect the distribution 
and abundance of wildlife, with year-to-year variation 
affected by snow accumulation. Collision hotspots are 
a result of other, smaller-scaled factors such as train 
traffic volume, habitat management and landscape 
structure. 

Based on the results of a literature review, spatial 
analyses and train-driver questionnaires, it was con- 
cluded that traffic volume, track design and vegetation 
management alongside tracks affect collision rates 
(Seiler 2011). Spatial analyses revealed that moose- 
train collisions were more frequent in areas with more 
clear-cuts, more forests, more bridges and tunnels but 
fewer roads in the vicinity of the railway. Collisions 
with roe deer were more common on tracks in areas 
with relatively open (agricultural) habitat, more water 


agricultural products spilled from train cars during 
loading, transport and/or derailments (Fig. 26.4) 
and other wildlife attractants on and along railroads 
can increase WTC rates (Huber et al. 1998; Wells 
et al. 1999; Waller & Servheen 2005). 

The alignment and design of a railway influence 
the rates of WTC by affecting an animal’s ability to 
detect and evade oncoming trains. Cuttings, bridges, 
bends and dense vegetation all reduce an animal's 
visibility, thereby increasing the risk of collision. 
The most obvious example of poor railway design 
was revealed by research on turtles, many of which 
are unable to climb over the railway tracks (e.g. 
Kornilev et al. 2006) (Fig. 26.1). For most species, it 
is likely that a combination of these factors influ- 
ences the rates of WTC and mortality. The volume of 
train traffic is also likely an important factor influenc- 
ing the rate of WTC. In Sweden, the highest numbers 
of moose and roe deer accidents were reported on rail- 
ways with moderate train traffic (50-130 average 
daily traffic), while lower numbers were reported on 
stretches with higher train traffic (Seiler 2011) 
(Textbox 26.1). The underlying reason for this pattern 
may be that higher traffic volumes deter wildlife 
from attempting to cross. 


courses and fewer highways. Fewer collisions 
occurred on both the busiest railways (>200 trains/ 
day) and the least active railways (<10 trains/day). 

Some of these findings were also indicated in a train- 
driver questionnaire. Train drivers suggested the risk of 
WTC was lower in deforested or cleared railway corri- 
dors compared to densely vegetated areas. Drivers 
perceived an increased collision risk near dense vege- 
tation and where visibility was reduced. Our work and 
others indicate that that removal of vegetation can 
reduce the risk of collision; however, the risk may 
increase if applied at intervals greater than 3-4 years. 

We recommend intensified studies of the interactions 
between temporal and spatial factors, comparative field 
studies of collision hotspots, assessments of railway 
bridges as potential wildlife passages, behavioural 
studies of radio-tracked wildlife along railways with 
vegetation management regimes and scientific exper- 
iments with warning signals. There is further need for 
a comprehensive evaluation of the societal costs of 
wildlife—-train collisions, as well as an estimation of the 
accuracy of collision records. 


26.4 Mitigation options exist but some 
are more proven than others 


Strategies to reduce the impacts of railways and trains 
span the mitigation hierarchy — avoid, minimise, miti- 
gate and offset — and are similar to those used along 
roads (Chapter 7). However, most effort has focused on 
minimising or mitigating impacts on existing railways 
and primarily WTC. Greater attention needs to focus on 
avoiding and minimising impacts during planning and 
design, and the expansion of the HSR network should 
urgently consider this. Current mitigation options 
include wildlife crossing structures, habitat alteration, 
aversion/exclusion systems, reduced train speeds and 
supplemental feeding. Vegetation management (i.e. 
mowing or pruning vegetation that provides forage or 
cover) is one of the more proven techniques, and it has 
reduced moose WTC by as much as 56% (Jaren et al. 
1991; Andreassen et al. 2005). Vegetation manage- 
ment is an ongoing technique because strike rates will 
increase if not maintained (Seiler 2011). 

Wildlife crossing structures (Chapter 21) allow wild- 
life safe passage across railways and are one of the best 
strategies to reduce WTC and barrier effects for a large 
number of species. Wildlife use of structures is affected 
by many factors including the size of the structure, 
the vegetation at structure entrances and the presence 
and design of fences. Some species will use drainage 
culverts, indicating even basic structures may provide 
passage. Simple strategies for turtles and other small 
species include the excavation of rock ballast between 
pairs of railway sleepers, providing a shallow depres- 
sion below the tracks for animal use (Fig. 26.5) 
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(Pelletier et al. 2006). While it is cheaper to install 
crossing structures or fencing singly, it is less effective 
and not recommended (Chapters 20 and 21). It is 
important to understand that the use of fences and 
crossing structures requires a large initial investment 
but may prove more effective and easier to maintain 
over the long term. 

Electronic systems to detect and deter animals can be 
mounted to the front of trains or installed as stationary 
systems along railways. Stationary systems are used to 
exclude wildlife from fenced areas and on bridges using 
a motion-activated sensor with an audible or visual sig- 
nal (lights and horns) to frighten animals. As with 
other auditory deterrents, habituation can occur 
(Chapter 25). Other systems use an electrified pad 
across the train track at breaks in fences, similar to 
wildlife guards along roads (Lesson 20.5; Fig. 20.11). 
Train-based solutions include modified train warning 
signals for humans (i.e. lights and horns), and train 
drivers report that wildlife usually flee from approach- 
ing trains when multiple blasts are used rather than 
a prolonged single warning signal (Seiler 2011). 
Improved signals are also needed to combat the ten- 
dency of some wildlife to flee down track. 

Many mitigation projects target a single species (e.g. 
moose) and multi-species strategies are not yet well 
established, despite being an efficient use of resources. 
Further, efficient use of mitigation funding should tar- 
get corridors where surface transportation and indus- 
trial linear features are co-aligned. Unfortunately, most 
railways, roads, power lines and pipelines have their 
own easement and are managed by different agencies 
or companies, complicating planning and mitigation 


Figure 26.5 Diagram of simple crossing structure under railway tracks for turtles and other small animals. The space between 
the railway sleepers allows animals to cross fully from one side to the other, as well as allow animals, such as turtles, that may be 
trapped between the tracks to drop into the structure and escape. Source: Reproduced with permission of Scott Watson. 
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(Chapter 27). For this reason, detailed planning and 
cooperation are urgently required to integrate the exist- 
ing and future infrastructure and mitigation within 
these corridors. Consolidated regional networks with 
representation from relevant government agencies and 
infrastructure companies are essential for long-term 
planning and cost-effective regional mitigation. 


CONCLUSIONS 


The emerging field of rail ecology is of global impor- 
tance because railways are an effective strategy to 
reduce CO, emissions from transportation and reduce 
traffic congestion by transporting goods and people 
more efficiently than trucks and cars. Much less is 
known about railway impacts on wildlife compared to 
roads and more research is needed. Impacts of HSR are 
of particular importance because this type of railway is 
expanding rapidly. Impacts will likely differ along HSR 
compared to freight rail due to differences in noise lev- 
els, speeds and the common practice of fencing high- 
speed lines. Future work needs to move beyond the 
primary focus of impacts on moose and bear to assess- 
ing the overall effects on biodiversity and ecosystems. 
In addition, the cumulative impacts and interactions 
with other linear infrastructure require attention. In 
the short term, there is an urgent need for increased 
dialogue between wildlife and railway managers and 
integration of transportation planning to protect 
wildlife. 


FURTHER READING 


Child (1983): One of the earliest papers describing conflict 
between railways and wildlife and still relevant today. 

van der Grift (1999): A detailed review of the impacts of railways 
and trains on mammals. 

Kaczensky et al. (2003): A straightforward analytical approach 
to the data commonly available and revels the impacts from 
railways can be surprisingly high. 
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SUMMARY 


Roads are only one type of man-made linear corridors in the landscape. Utility easements and other industrial 
linear corridors (hereafter ILC) provide access and energy and support economic growth. They are pervasive in 
many regions and can have wide-ranging environmental and biological effects. Power lines and pipelines (i.e. 
ILC associated with utility easements) usually occur at low densities compared to roads. However, they can be as 
wide as roads, are usually kept clear of trees and woody shrubs and can cover long distances across a wide range 
of habitats. Other ILC, such as seismic exploration lines, can occur at densities similar to or greater than roads. 
27.1 Roads are only one component of the man-made network of linear corridors in a landscape. 

27.2 Industrial linear corridors can have environmental and biological effects that are often complex 
and difficult to predict. 

27.3 Some landscapes and species are more vulnerable than others to the effects of ILC. 

27.4 Effective mitigation involves strategies that reduce the number and duration of ILC in the landscape 
and the impacts caused by associated structural elements. 

27.5 Much remains unknown about the effect of ILC on species and ecosystems, particularly in remote 
wilderness areas and developing countries. 

The demand for energy is increasing at an alarming pace throughout the world. Industrial linear 
corridors are being built to meet this demand but generally with scant knowledge of possible impacts to the 
environment and inadequate mitigation measures. Three types of effects need to be considered prior to the 
construction of ILC: impacts to the physical environment, direct biological effects and indirect biological 
effects. We suggest a large-scale, integrated approach to land management and mitigation for companies 
involved in natural resource extraction, the provision of energy and ILC construction. 
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INTRODUCTION 


In some regions of the world, the network of non-road 
ILC that criss-cross the landscape can occur at higher 
densities than roads alone (Lee & Boutin 2006). This 
network includes utility easements (e.g. power lines, tel- 
ephone lines and pipelines) and other ILC (e.g. seismic 
exploration lines) that are usually associated with 
energy exploration, extraction and provision. Paved 
and unpaved roads, railways and recreational trails for 
walking, cycling and horse riding are not ILC. There are 
often complex legal rights associated with utility and 
other ILC; however, this chapter is primarily concerned 
with the impacts of the linear footprint and infrastruc- 
ture that remain following their construction. 

Similar to roads, the footprint of ILC usually intensifies 
as industrial activity and urbanisation increase, with 
many ILC becoming ‘permanent’ corridors/barriers 
across the landscape. Although the effects of ILC can be 
similar to roads, railways and recreational trails, there 
are also unique differences. Often, the biological impacts, 
particularly indirect effects, associated with ILC are not 
considered during environmental impact assessments 
(EIA) or the planning process. Because of the economic 
urgency associated with industrial expansion and energy 
provision, conservation managers are often forced to 
play catch-up once developments have been constructed 
in order to mitigate their negative impacts. 

The aims of this chapter are to (i) briefly review some 
of the literature on the impacts of ILC; (ii) highlight the 
complex biological issues that need to be considered by 
planning and design teams; and (iii) discuss ILC mitiga- 
tion from an environmental and biological perspective. 
We use examples from systems impacted by various ILC 
from around the world but especially focus on impacts 
in the boreal forest in northern North America as a 
case study (Textbox 27.1). 


LESSONS 


27.1 Roads are only one component of the 
man-made network of linear corridors in a 
landscape 


Although roads or trails often represent the first incur- 
sion into a new region, industry often develops a far 
more extensive network of ILC. Roads differ from ILC in 
that they usually have a hard compacted and often 
paved surface that is buffered by a grassy verge. The 
direct and indirect impacts of roads and traffic are 
well studied and documented. However, the negative 


impacts of ILC, although arguably less obvious or well 
studied, can also be significant, particularly where 
they are abundant in the landscape. 

Power line easements can be 100m or more in width 
and are constructed to provide industry and the public 
with electricity. They are particularly common in highly 
urbanised areas (where they often parallel roads), but 
they can also span long distances across relatively pris- 
tine habitat (Fig. 27.1) to provide electricity from power 
stations to large urban centres and remote communities. 
Both the linear clearing that results from the construc- 
tion of the utility and the structural elements (e.g. pylons, 
cables and insulators) of the power line can negatively 
impact species of plants and/or animals (Bevanger 1994; 
Goosem & Marsh 1997; Guil et al. 2011). 

The most extensive networks of ILC in many parts of 
the world are associated with the energy sector. 
Physically, oil and gas development starts with seismic 
exploration to identify and map oil and gas deposits 
suitable for extraction. Conventional seismic lines are 
5-8 m in width and are cleared of vegetation using a 
bulldozer (Gibson & Rice 2003). The so-called ‘low- 
impact’ seismic lines of 2—3m in width are being 
adopted in some areas because they are cut with a 
chainsaw or mulcher and can thus meander more eas- 
ily around valuable stands of vegetation and reduce 
the loss of merchantable timber (Gibson & Rice 2003). 
Once exploration has been completed, vegetation on 
seismic lines is usually allowed to regenerate, although 
the ILC can remain obvious for many decades after 
construction (Lee & Boutin 2006; Jorgenson et al. 
2010). Seismic lines are often the most abundant ILC 
in a landscape, for example, they occur at an average 
density of 1.5 km per km? in northern Alberta, Canada 
(Fig. 27.2) (cf. a road network of 1km per km? in the 
developed agricultural zone of the province; Lee & 
Boutin 2006). Following exploration, unpaved roads 
are built to enable drilling of wells (on a pad of ~1 hain 
size) for the extraction of oil or gas. Above- or below- 
ground pipelines are then constructed to transport oil 
or gas to processing plants. Pipeline clearings tend to be 
approximately 30m in width, and their maintenance 
requires prevention of tree and woody shrub regrowth 
within the right of way. 

Roads and ILC are often inextricably linked. Power 
lines, pipelines and roads often occur immediately adja- 
cent to each other in the same linear clearing. This is 
positive in that it reduces overall fragmentation of the 
landscape, but it can exacerbate barrier effects if the 
cleared corridor becomes increasingly wide to accom- 
modate these features. Similarly, pipelines and seismic 
lines are often graded and used as tracks to provide 


ire 27.1 A power line spanning savannah in Kruger National Park, South Africa. Both the linear clearing and the power 
line have been shown to negatively impact some species of plants and animals. Note the game trail running along the left side of 
the linear clearing and the prevention of tree and woody shrub regrowth on it. Source: Photograph by and reproduced with 


permission of David M. Forsyth. 


ure 27.2 A satellite view showing an intensive network of seismic exploration lines in the boreal forest, Alberta, Canada. 
The diamond-shaped clearing in the bottom right of the map is a well pad (~1 ha in size) that is connected to a pipeline right of 
way. Source: Map by David Latham. 
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vehicles with access to remote areas. Subsequently, they 
are often further developed and become unpaved or 
paved roads. 


27.2 Industrial linear corridors can have 
environmental and biological effects that are 
often complex and difficult to predict 


Industrial linear corridors can change the abundance 
or distribution of a species because of changes in avail- 
able habitat (e.g. available light, temperature, moisture 
or nesting sites) caused during ILC construction. For 
example, the composition of small mammal communi- 
ties can change due to changes in vegetation structure 
on power lines, and the ILC can act as a barrier to ani- 
mal movement (e.g. Goosem & Marsh 1997). These are 
‘direct biological effects’ caused by ILC on a species or 
suite of species (Murcia 1995). Changes driven by the 
construction of the ILC might also affect the dynamics 
of interactions between different species on or adjacent 
to an ILC. For example, the habitat on an ILC may be 
preferred for nesting by one bird species, causing it to 
become more common and to attract more nest preda- 
tors to the area. A second bird species, which is not 
directly affected by the habitat on the ILC, may decline 
in numbers because it is more vulnerable to being 
killed by the increased number of nest predators hunt- 
ing in the area. These are termed ‘indirect biological 
effects’ (Murcia 1995). Indirect biological effects can be 
particularly complex and difficult to predict, yet they can 
have major ramifications for conservation and manage- 
ment. EIA must consider and investigate both direct and 
indirect biological effects (Chapter 5), as well as the effects 
of ILC on the physical environment (e.g. soil moisture, 
water flow, light intensity and air temperature). 


27.3 Some landscapes and species are 
more vulnerable than others to the effects 
of ILC 


Natural and man-made edge habitat can be beneficial 
for some edge-dwelling species of plants and animals 
and can result in high species diversity near the edge 
(Murcia 1995). White-tailed deer, for example, have 
become hyper-abundant across much of North 
America following an increase in man-made edge hab- 
itat because of improved forage and browse on these 
features (Alverson et al. 1988). However, it is also rec- 
ognised that edges, particularly man-made edges along 
ILC, can have detrimental effects for many species and 


result in complex changes in plant and animal commu- 
nities (Murcia 1995). This is particularly the case for 
species that require large undisturbed areas, because 
these areas are effectively reduced in size by the pres- 
ence of ILC. For example, interior forest birds like oven- 
birds tend not to incorporate man-made edges into 
their territories, but rather use them as territorial 
boundaries (Bayne et al. 2005). Edges can also disrupt 
movement patterns and decrease gene flow and genetic 
diversity for interior species (Yahner 1988). 

Some species of animals are vulnerable to noise dis- 
turbances associated with the construction or use of ILC 
(Bayne et al. 2008; Chapter 19). For example, elephants 
and great apes were more likely to avoid human activity 
and noise associated with oil exploration in Gabon than 
were small antelopes or monkeys (Rabanal et al. 2010). 
Further, some animal species are more likely to be 
targeted by hunters or poachers who use ILC to enter 
previously difficult-to-access areas (Laurance et al. 
2009; Chapters 2, 51 and 56). 

Tropical rainforests are highly susceptible to the 
impacts of ILC (Laurance et al. 2009; Chapter 49). 
Biologically, rainforests are characterised by a stable 
microclimate that is humid, dark and architecturally 
complex. They contain high biodiversity, and many 
species within rainforests are interior specialists that 
avoid forest edges, including ILC. Much of the world’s 
rainforests occur in developing nations which are eagerly 
pursuing natural resource exploitation for economic 
growth, arguably with minimal forethought or consider- 
ation regarding environmental impacts or appropriate 
planning (Laurance et al. 2006; Chapter 51). 

Slow-growing tundra vegetation and underlying 
permafrost soils in the Arctic are very sensitive to 
industrial disturbance (Jorgenson et al. 2010). Scars 
from oil exploration in Alaska in the early 1940s are 
still visible today due to the slow regeneration of 
vegetation. Similarly, some arctic and boreal forest 
animal species are believed to be detrimentally 
impacted by ILC, either directly, indirectly or both 
(e.g. Textbox 27.1). 


27.4 Effective mitigation involves strategies 
that reduce the number and duration of ILC 
in the landscape and the impacts caused by 
associated structural elements 


ILC rarely exist in a landscape as single features. 
Usually, there are multiple man-made corridors 
fulfilling a number of purposes or, in the case of 
seismic exploration lines, a dense network of ILC 
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(i.e. Fig. 27.2). Mitigation measures may involve 
reducing local-scale impacts of existing ILC, better 
planning of new ILC, and co-planning and coordi- 
nating the activities among companies to reduce 
impacts at a landscape scale (Schneider 2002; 
Laurance et al. 2009). 

The longevity of the impacts caused by an ILC is a 
function of the intensity of disturbance during its crea- 
tion and use and the degree to which it is actively 
reclaimed after it becomes inoperative. It may prove dif- 
ficult to fully mitigate the negative effects caused by 
active ILC. For example, the structural components of 
active power lines and pipelines, such as pylons, over- 
head wires and aboveground pipelines, remain neces- 
sary despite their potential to negatively impact 
wildlife. Similarly, active power lines and pipelines will 
typically need to be kept clear of tree and woody shrub 
species to provide maintenance access and to prevent 
damage and disturbance to the system facilities. 
However, a compromise between the management of 
vegetation on power lines or pipelines and outcomes for 
biodiversity may be possible. For example, shrubby veg- 
etation that had regenerated to an intermediate 
amount on power line easements in Victoria, Australia, 
provided good habitat for some native species but could 
also be managed as an acceptable fire risk (Clarke et al. 


2006). Similarly, mitigation measures that improve the 
structural design of power lines have been developed to 
minimise the number of large birds, such as birds of 
prey, that die from collisions and electrocution 
(Bevanger 1994). If an ILC has yet to be constructed, 
many of the negative impacts of ILC may be reduced by 
avoiding routes that intersect critical foraging and 
breeding habitat for wildlife (Guil et al. 2011). 

The aim of reclamation of existing ILC that are no 
longer used should be to return the linear clearing to its 
‘original’ native vegetated state (Chapter 3). This should 
eliminate or reduce the impact of invasive species and/or 
prevent it from being used as a corridor by humans (for 
hunting or recreation) or opportunistic predators. Where 
the humus and surface soil have not been badly damaged 
during construction, the vegetation will likely regenerate 
naturally if left undisturbed by humans. If the surface 
layer has been badly damaged, it is probable that early 
colonising plant species (often non-natives) will dominate 
the clearing. This could potentially retard regeneration of 
native species for an extended and unknown period of 
time (Fig. 27.3). In such cases, extensive seeding or plant- 
ing with native species might be needed. Human access 
along ILC has been successfully reduced or eliminated, for 
example, by using a bulldozer to push logs, branches or 
other natural materials across the corridor to prevent 


Figure 27.3 A 6m wide conventional seismic exploration line transitioning from peat bog to upland forest in Alberta, Canada. 
Although this line is about 7 years old, regeneration of vegetation on the line has been limited. Seismic lines and other man- 
made corridors allow hunters, on foot or all-terrain vehicle, to access previously remote areas. Source: Photograph by and 


reproduced by permission of Pierre-Olivier Côte. 


Textbox 27.1 The effects of industrial linear corridors on the boreal forest of North America. 


Forestry and oil and gas activity has increased 
substantially in the boreal forest in recent decades 
(Schneider 2002). Logged forestry blocks, roads, 
industrial linear corridors (ILC) and infrastructure asso- 
ciated with industry are now common throughout large 
areas of the boreal forest. For example, in 2002, there 
was an average of 1.8km per km? of combined roads 
and ILC or over 1.5 million km of seismic exploration 
lines in the forested area of Alberta, Canada (Schneider 
2002). Forest loss associated with seismic exploration 
rivalled that caused by the logging industry in the same 
region and time frame (Schneider 2002). Although the 
total footprint associated with these features is only 
about 5% or less of the total forested area of Alberta 
(e.g. Latham et al. 2011), the amount of habitat that is 
functionally lost to animals can be much higher (e.g. 
48% for woodland caribou; Dyer et al. 2001). 

ILC often become persistent features in the land- 
scape, for example, more than 60% of conventional 
seismic lines in Alberta remain obvious 35 years after 
their construction (Lee & Boutin 2006). Increasing num- 
bers of off-road vehicle enthusiasts access ILC and 
further prevent them from regenerating. Subsequently, 
harassment to some species of animals has increased 
from vehicle noise and an increase in hunting pressure 
in previously remote areas. ILC in the boreal forest have 
also been linked to exotic plant and animal invasions. 
For example, aggressive weed species were often used 
to revegetate pipelines (Schneider 2002), and because 


these were often preferred seasonal foods for some 
herbivores (e.g. white-tailed deer), they contributed to 
changes in the distribution of some animal species and 
the spread of others into the boreal forest (e.g. coyotes; 
Latham et al. 2013). 

ILC can disrupt animal migration and movement 
patterns (Galpern et al. 2012). An important example 
in North America involves threatened woodland cari- 
bou, which avoid these features and perceive roads as 
barriers to movement (Dyer et al. 2001, 2002). 
Evidence is also mounting to demonstrate an indirect 
biological effect of ILC on caribou through increased 
rates of predation by wolves (Fig. 27.4; Festa-Bianchet 
et al. 2011). Wolves are believed to benefit from using 
ILC because they are able to travel more efficiently on 
lines than off them and thus encounter prey (including 
caribou) more often (James & Stuart-Smith 2000). 
Latham et al. (2011) found that wolves most often used 
ILC to move into and around caribou habitat in summer, 
which was also the time of year when most caribou 
were killed by wolves. A greater risk of predation by 
wolves as a result of increased hunting efficiency on or 
near ILC explains why caribou avoid otherwise suita- 
ble habitat in close proximity to ILC. Thus, ILC are 
believed to be partially responsible for current declines 
in woodland caribou numbers (Latham et al. 2011). 
This example also highlights the inherent complexities 
facing biologists tasked with conducting EIA for pro- 
posed ILC. 
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Figure 27.4 Woodland caribou on a power line clearing in the boreal forest, Alberta, Canada. Power line clearings and 
other ILC are dangerous places for caribou because wolves, their main predator, use these features to move around and 
often kill prey (including caribou) on or near them. Source: Photograph by David Latham. 
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motorized vehicle access. This method appears to be less 
successful at excluding species such as wolves, which can 
benefit from increased hunting efficiency until vegetation 
has regenerated on the ILC (James & Stuart-Smith 2000). 
A more insurmountable obstacle to mitigation efforts is 
the overabundance of these features in some areas, 
including many ILC that need to be maintained because 
their use is still required by industry. Thus, even if 50% of 
abandoned features were successfully reclaimed, which 
may be adequate to mitigate some negative impacts, 
hunters, wolves or invasive species could simply use (or 
reinvade from) the next, relatively close feature in the 
landscape. Compared to conventional seismic lines, the 
use of narrow, meandering, low-impact seismic lines has 
shown promise in reducing the total amount of forest lost 
during oil and gas exploration (Gibson & Rice 2003). 
Further, vegetation regenerates relatively quickly on 
them, and they are used less by humans (and possibly 
opportunistic predators like wolves). 

ILC are clearly expensive to construct. The activi- 
ties of multiple resource extraction companies oper- 
ating concurrently in the same area have been 
additive, and a lack of communication between them 
has led to scenarios whereby power lines, pipelines, 
unpaved roads and seismic lines have been placed 
within metres of each other. Co-planning among 
companies operating in a region can reduce the total 
footprint required by substantial amounts (15-30%), 
thereby reducing costs and biological impacts 
(Schneider 2002). This requires that the traditional 
lack of communication within and among compa- 
nies, resource sectors and government agencies be 
overcome. In general, there have been limited but 
laudable examples (such as seismic data sharing 
agreements) of cooperation between companies to 
coordinate their efforts and minimise the number of 
ILC that are constructed in an area (Tillman 1976; 
Gibson & Rice 2003). 


27.5 Much remains unknown about the 
effect of ILC on species and ecosystems, 
particularly in remote wilderness areas 
and developing countries 


The ever increasing demand by human society for 
natural resources has led to an unprecedented rate 
of exploration, development and extraction. The 
frenetic pace at which this is occurring is a global 
problem, and one that is unlikely to decline any time 
soon. Vulnerable ecosystems, such as the rainforest 
in the Amazon basin, are undergoing rapid oil and 


gas exploration and extraction which threaten biodi- 
versity and indigenous peoples on a massive scale 
(Finer et al. 2008; Chapter 51). Demand for natural 
resources and the desire for economic growth are 
likely to outpace the development of effective mitiga- 
tion strategies. If we are to prevent this, resource 
extraction companies, environmental agencies and 
permitting agencies need to further develop operating 
and management practices that avoid and minimise 
the footprint and impacts associated with their activity. 
Similarly, biologists need to consider biological uncer- 
tainty relating to the effects of ILC and how best to deal 
with it, for example, recommend precautionary risk 
avoidance approaches where uncertain scientific 
knowledge exists but where impacts to wildlife could 
be high (Chapter 5). 

Although there is much still to learn about the effects 
of ILC on species, communities and ecosystems, there 
has been considerable research and advances in our 
understanding of these factors, dating back to at 
least 1976 when the First National Symposium on 
Environmental Concerns in Rights-of-Way Management 
was held (Tillman 1976). Since then, there have been a 
number of symposia on the environmental impacts of 
ILC (e.g. http://www.rights-of-way.org/), and this and 
similar professional groups provide an ideal forum to 
continue to raise awareness of research areas, manage- 
ment concerns and new methods of mitigating the 
impacts of ILC. 


CONCLUSIONS 


Industrial developments are increasingly becoming 
a global environmental and biological threat. ILC 
should be constructed so that they run through less 
biologically sensitive areas, and the total number of 
lines constructed should be minimised through inte- 
grated planning. Although there are difficulties asso- 
ciated with this approach, it is easier than trying to 
mitigate the myriad impacts once ILC have been con- 
structed. Small advances have been made in this 
direction, but greater impetus is needed. A comple- 
mentary and attainable method of preventing/mini- 
mising the impacts of ILC is to protect ecologically 
sensitive areas of high conservation value from 
industrial activity and to construct ILC to avoid these 
areas. In the meantime, biologists must endeavour to 
persevere with the unenviable task of evaluating and 
understanding the complex array of impacts associ- 
ated with new developments and attempting to miti- 
gate these accordingly. 
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FURTHER READING 


Bevanger (1998): A review identifying and describing the 
characteristics that make some species of birds more sus- 
ceptible to collisions with power lines or electrocution than 
others. This information is critical for designing species- 
and/or site-specific mitigation measures (also see Bevanger 
(1994)). 

Gibson and Rice (2003): Provides a perspective from industry 
on how best to promote environmental responsibility dur- 
ing exploration for oil and gas reserves. 

Schneider et al. (2003): This case study from Alberta, Canada, 
uses a modelling approach to weigh current management 
options from the point of view of their long-term effects of 
industry on the boreal forest. The aim is to show that a suite 
of ‘best practices’ can provide some balance between con- 
servation and economic objectives. 
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SUMMARY 


There is growing evidence that roads and traffic reduce populations of many species and efforts to mitigate 
road effects are now common. To maximise understanding of road impacts and for conservation of particular 
species, we need to know how roads affect the viability of a group of individuals of the species rather than a 
single individual. Roads and traffic affect wildlife populations in three major ways, by (i) increasing mortality, 
(ii) decreasing habitat amount and quality and (iii) fragmenting populations into smaller sub-populations 
which are more vulnerable to local extinction. To ensure mitigation is effective, we need to identify the species 
most affected, and the cause(s) of the effects, so that appropriate mitigation can be tailored to those species. 
28.1 Mammals: Larger, more mobile species with lower reproductive rates are more susceptible to road 
mortality, and species that avoid roads from a distance due to traffic-related disturbance are susceptible 
to habitat fragmentation, loss and degradation. 
28.2 Birds: Species that have large territories and possibly species that are low flying, ground dwelling 
and/or heavy relative to their wing size are more susceptible to road mortality. 
28.3 Amphibians and reptiles: All species, regardless of life history traits, are prone to negative road 
effects as they are particularly susceptible to road mortality and habitat fragmentation by roads. 
28.4 A species response to roads and traffic will vary depending on its conservation status, geographical 
location, habitat preferences, road type and/or traffic volume. 
28.5 There are still many species for which we do not know the population-level effects of roads. To 
ensure mitigation will be effective for as many species as possible, research is needed on the effects of 
roads on a broader range of species. 

This chapter provides a high-level overview of the population-level effects of roads on animals using the avail- 
able data from 75 studies. For more detailed information on specific species groups, please refer to Chapters 29-45. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
Companion website: www.wiley.com\go\vanderree\roadecology 


237 


238 Handbook of road ecology 


INTRODUCTION 


There are many studies on the effects of roads on ani- 
mal movement and mortality, neither of which allows 
for strong inference about the impacts of roads on pop- 
ulation persistence; for example, it is possible that 
increased reproduction rates counterbalance losses 
caused by road mortality (Roedenbeck et al. 2007). For 
conservation of a particular species, we need to know 
how roads affect the viability of a group of individuals 
(i.e. the population) rather than a single individual. The 
main question is therefore: can roads and/or traffic 
reduce or even eliminate a population, and how? Roads 
and traffic affect wildlife populations in three major 
ways, by (i) increasing mortality, (ii) decreasing habitat 
amount and quality and (iii) fragmenting populations 
into smaller sub-populations that each are more vul- 
nerable to local extinction than a large population. 

The vulnerability of a species to roads and/or traffic 
is influenced by its ecological traits and behavioural 
responses (Table 28.1). Important ecological traits are 
its reproductive rate (a higher reproductive rate allows 
populations to recover from road mortality) and its 
mobility (a more mobile species will encounter roads 
more often than species that are more sedentary). Four 
types of behaviour influence whether roads or traffic 
affects animal populations: (i) avoidance of the road 
surface; (ii) avoidance of traffic disturbance (noise, 
lights, chemical emissions); (iii) vehicle avoidance (the 
ability to move out of the path of an oncoming vehicle); 


and (iv) attraction to roads (Fig. 28.1). Species that 
avoid the road surface are less likely to be killed on roads 
because they rarely attempt to cross it, but they may 
have trouble accessing important habitats or resources 
on the other side of the road. Similarly, animals that 
avoid traffic disturbance are less susceptible to road 
mortality, but their populations may be fragmented into 
smaller, partially isolated populations that may be more 
vulnerable to extinction. Avoidance of traffic distur- 
bance also reduces the amount of habitat since the area 
near roads becomes unsuitable (i.e. road effect zone; 
Lesson 1.2). Species that can move out of the path of an 
oncoming vehicle should be less susceptible to road 
mortality and may be able to cross the road when traffic 
volumes are not too high. Lastly, some species can be 
attracted to roads for a resource such as carrion (e.g. 
some birds) and nesting sites (e.g. some turtles) or to 
bask (e.g. some snakes) which can make them vulnera- 
ble to road mortality (Chapters 32 and 33). 

The insights in this chapter are based on a formal 
review of 75 studies published during 1979-early 
2011 that measured the relationship between roads 
and/or traffic and population size of a species. Studies 
were predominantly in North America (49 studies) or 
Europe (19), but a few were from Oceania (3), Africa 
(2), and Asia (2). For each study, the raw data were 
either provided in the paper (e.g. from graphs or fig- 
ures) or they were provided directly by the authors. To 
determine whether a species was negatively or posi- 
tively affected or unaffected (neutral effect) by roads, 


Table 28.1 Characteristics that can affect a species vulnerability to the major impacts of roads. 


Characteristics that affect 


Effects of roads and/or traffic 


a species vulnerability to 


road effects Road mortality 


Habitat loss/reduced 
habitat quality 


Habitat fragmentation/ 
reduced connectivity 


Low reproductive rate x 

Young age at sexual maturity x 

Long generation time x 
(lifespan) 

High intrinsic mobility x 

Large area requirements/low x 
natural density 

Large body size x 

Multiple resource needs x 

Attraction to roads x 


Road surface avoidance 

Traffic disturbance avoidance 

No road or traffic disturbance x 
avoidance 


x X 
X X 
x x 
x X 
X X 

X 

X 
X X 


Source: Adapted from Forman et al. (2003). 
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Avoidance of traffic disturbance 


t Traffic density t Distance of avoidance 


Road surface 
avoidance 


Vehicle avoidance 


Attraction to 
roads 


t Traffic density t Vehicle avoidance 


Figure 28.1 Illustration of species behavioural responses to roads and traffic. ‘Avoidance of traffic disturbance’ is avoidance of 
roads from a distance due to traffic disturbance (e.g. lights, noise, chemical emissions). As traffic density increases, the distance 
at which a species avoids the road (represented as black dashed lines) increases resulting in more habitat effectively lost to a 
species (strength of effect represented by thickness of dashed lines). ‘Road surface avoidance’ is a short distance avoidance of the 
road surface itself due to a lack of cover and/or to the character of embankment and pavement which is different from natural 
habitat. ‘Vehicle avoidance’ is the avoidance of oncoming vehicles. Attraction to roads’ is when animals are attracted to a road 
for a resource (e.g. for food, a nesting site, a mate or thermoregulation). Source: Adapted from Jaeger et al. (2005). 


the data from each study were converted into a com- 
mon measure, the Pearson correlation coefficient r, a 
measure of the strength of the relationship between 
roads and an animal’s population abundance. The 
coefficient, r, ranges from —1.00 (largest negative 
effect) through 0 (no effect) to +1.00 (largest positive 
effect). To determine species traits that make them 
prone to negative road and/or traffic effects, we consid- 
ered traits that are related to population abundance: 
reproductive rate and/or age at sexual maturity, species 
mobility and body size. Full details of the methods are 
in Rytwinski and Fahrig (2012). We limit the discus- 
sion here to four groups of vertebrates - mammals, 
birds, amphibians and reptiles that spend at least part 
of their life cycle on land. Invertebrates were not 
included in this discussion because there were too few 
population-level studies, but see Chapters 29 and 30 
for more details on this group. 

When reading this chapter, two points are important. 
First, when more than one study was conducted on a 
particular species, we determined the average direction 


and size of the road effect. While this provides an indica- 
tion of the overall effect of roads on the species, studies 
conducted in different locations or habitats may actually 
measure different road effects on a species (Lesson 28.4). 
Second, we present information based only on studies 
that have measured the effect of roads on at least one 
population. Many other species may be affected by roads 
but have not yet been studied (Lesson 28.5). 

The aims of this chapter are to identify (i) the animals 
whose populations are most vulnerable to road impacts, 
(ii) species traits and behavioural responses to roads 
that make animals vulnerable to road impacts and 
(iii) the likely causes of those impacts, so that appro- 
priate road mitigation measures can be identified. For 
mitigation to be effective, the cause of the impact must 
be specifically addressed. For example, if a species is 
mainly affected by road mortality, mitigation should be 
directed towards preventing animals from moving onto 
roads. In this case, installing wildlife crossing structures 
would not adequately address the main issue of road 
mortality, unless fencing was also installed. 
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LESSONS 


28.1 Mammals: Larger, more mobile 
species with lower reproductive rates are 
more susceptible to road mortality, and 
species that avoid roads from a distance 
due to traffic-related disturbance are 
susceptible to habitat fragmentation, 
loss and degradation 


Population-level effects 


A total of 34 studies from 12 countries that included 
84 mammal species were reviewed. From these, 127 
records of road and/or traffic effects were extracted. 


Mammals 


Elephants (2) 


Primates (4) 
Pangolins (1) 


Rabbits, pikas and 
hare (4) Hyraxes (1) 


Kangaroos,  Opposums (3) 


Hedgehogs (1) possums, and 
wallabies (1) 


Amphibians 


Hummingbirds and 
swifts (1) 


(2) 
Parrots (4) 
Woodpeckers 


Most studies of mammals at the population level to 
date have been conducted on three orders: (i) rodents 
(27 species), (ii) hoofed mammals (more specifically 
even-toed ungulates) (16 species) and (iii) carnivores 
(24 species) (Fig. 28.2). On average, rodent and hoofed 
mammal populations increase, and carnivore popula- 
tions decrease in response to roads (Fig. 28.2). 

Of the rodents studied, only a few species are nega- 
tively affected by roads compared to a much higher 
number that are either positively affected or unaf- 
fected (Fig. 28.3 A(i)). Species showing negative popu- 
lation-level effects are mid-sized species of arboreal 
squirrels (grey squirrel, Lord Derby’s scaly-tailed 
squirrel, Beecroft’s scaly-tailed squirrel) and the 
California vole. Rodents showing positive or neutral 


Birds 
i Doves and pigeons 
Shorebirds (3) Kingfishers (3) 


Cuckoos “Li 
irds of prey (4) 
Turkeys, pheasants 


and quails (3) 
Loons and divers 


(1) 
Coots, cranes and 
rails (1) 


Reptiles 


Figure 28.2 Proportion of the total number of road effects extracted for review for the various animal orders for each class. 
Numbers in brackets correspond to the number of road effects extracted for each animal order out of a total of 127 for 
mammals, 270 for birds, 42 for amphibians and 16 for reptiles. Colours correspond to the direction in which populations are 
responding on average to road impacts: red, negatively affected (population abundance decreasing); yellow, unaffected (no 
change in population abundance); and green, positively affected (population abundance increasing). 
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Figure 28.3 The number of species within each animal order showing on average negative, neutral, or positive effects of 
roads on their population abundance for (A) mammals, (B) birds, (C) amphibians and (D) reptiles. 


effects of roads are typically smaller: for example, 
white-footed mouse and least chipmunk. 

For the hoofed mammals, the number of studied 
species showing positive population-level effects of 
roads is nearly double the number showing negative 
effects (Fig. 28.3A(ii)). Species showing negative 
effects include North American elk, wild boar, 
European roe deer, woodland caribou and mule deer. 


Species showing positive effects include white-tailed 
deer, moose, Peter’s duiker and yellow-backed duiker. 
It has been suggested that the positive effects of roads 
on large herbivores such as white-tailed deer (and 
indeed small mammals as well) may be due to preda- 
tion release, as populations of many of their main 
predators are reduced in areas of high road density 
(Munro et al. 2012). 
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Overall, carnivores are the most negatively affected 
mammalian order (Fig. 28.3A(iii)). Examples include 
members of the bear family (sloth bear, grizzly bear and 
black bear), the mustelid family (Eurasian badger, fisher 
and wolverine) and the felid family (leopard, Iberian lynx 
and Eurasian lynx). Of those studied, the only carnivore 
showing a positive effect of roads is the Siberian weasel, 
likely due to its higher reproductive rate and smaller 
home rage size compared to larger-sized carnivores. 


Species traits 


Larger, more mobile mammals with lower reproductive 
rates are more susceptible to negative road effects on 
their populations than smaller, less mobile species with 
higher reproductive rates. We hypothesise that species 
with lower reproductive rates are less able to recover 
from population declines due to road mortality. Species 
that frequently move long distances are likely more 
affected by road mortality, because they interact with 
roads more often than less mobile species. For the same 
reasons, species with larger territories or home ranges 
are also more susceptible to road effects than those 
with smaller territories or home ranges. This means 
that, in general, larger species are more affected than 
smaller species because they generally have lower 
reproductive rates and are more mobile than smaller 
species (Chapter 39). 

There can however be exceptions to the aforemen- 
tioned generalities. Hypothetically, if a species is locally 
abundant but of limited geographic range and/or dis- 
persal capability, the population may be vulnerable to 
road impacts despite it having a high reproductive rate 
and/or being less mobile. 


Behavioural responses to roads and/or traffic 


Anecdotal observations of an animal reacting to aroad 
or vehicle are common. However, there are actually 
very few quantitative studies documenting such 
behaviours. A scarcity of animals in areas of high road 
density is sometimes assumed to indicate road avoid- 
ance, but this assumption may not be valid because 
such a scarcity could also be caused by mortality. Even 
documenting movement paths of animals near roads 
cannot tell us whether the animal is avoiding the road 
itself or the traffic on it, unless animals only cross the 
road when traffic volume is very low. 

From the available studies, populations of mam- 
mals that avoid roads from a distance due to traffic 


disturbance are more negatively affected by roads than 
are populations of species that avoid the road surface 
itself. While both behaviours can make a species more 
vulnerable to habitat fragmentation, avoidance of traf- 
fic-related disturbance also reduces the amount of habi- 
tat since the area near roads becomes unsuitable. Species 
that avoid roads from a distance include woodland cari- 
bou, North American elk, moose and grizzly bear. With 
the exception of moose, all of these species also show 
negative population-level effects of roads. Species that 
have been shown to avoid the road surface include white- 
footed mouse and eastern chipmunk, and their popula- 
tions are either positively affected or unaffected by roads. 


28.2 Birds: Species that have large 
territories and possibly species that are 
low flying, ground dwelling and/or 
heavy relative to their wing size are 
more susceptible to road mortality 


Population-level effects 


A total of 16 studies from 8 countries that included 
194 bird species were reviewed. From these, 270 
records of road and/or traffic effects were extracted. 
Most studies of the effects of roads on bird populations 
have been on perching birds, that is, passerines (153 of 
194 species) (Fig. 28.2). While some species within this 
group show negative population effects of roads, there 
is no strong overall effect (Fig. 28.2). 

Of the perching birds studied, examples of those 
showing negative population effects include species 
from the chats and old world flycatchers (northern 
wheatear and European robin), sandpipers (common 
redshank), wrens (winter wren and sedge wren) and 
Australian treecreepers (brown treecreeper and white- 
throated treecreeper). Species showing neutral or posi- 
tive effects are primarily from the buntings, American 
sparrows (song sparrow and rock bunting) and new 
world warblers (black-throated blue warbler and 
Nashville warbler). 


Species traits 


In general, more mobile birds (i.e. species with larger 
territories) are more susceptible to road effects than are 
less mobile species. While this is the only species trait 
found to explain variation in bird population-level 
effects of roads in our literature review, researchers 
have suggested other potentially important traits that 
were not included in our analyses. For example, 
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ground-dwelling birds have been suggested to be at 
greater risk of wildlife-vehicle collisions (WVC) 
because they spend longer time on the road surface 
and in low flight (Jacobson 2005). Furthermore, birds 
that are heavy relative to their wing size (e.g. female 
owls) or have a low take-off trajectory may also be 
more vulnerable to WVC (Kociolek & Clevenger 2011). 
Species that need to move between different habitat 
types (e.g. some woodland birds and wintering water 
birds) are likely more sensitive to road impacts 
(Chapter 33). 


Behavioural responses to roads and/or traffic 


There are very few studies documenting behavioural 
responses to roads and/or traffic in birds. Road 
attraction behaviour has been shown in two species 
(common raven and black kite). For both species, 
populations have been found to be unaffected by 
roads, even though mortality does occur (Palomino 
& Carrascale 2007). Although there are no quantita- 
tive studies of vehicle avoidance in these species, if 
they do show vehicle avoidance and if they benefit 
from the carrion resource on roads, a positive effect 
of this food resource on reproduction could balance 
or even outweigh negative effects of road mortality, 
the net effect being the observed neutral road effects 
on their populations. 

Many authors have either argued or assumed that 
traffic noise is the main cause of negative road effects 
on bird populations. Traffic noise could interfere with 
the ability to communicate by song which could make 
it hard for some species of birds to attract mates and/or 
defend territories (Rheindt 2003). Traffic noise could 
also distract individuals making them more vulnerable 
to predation. These conclusions are based mainly on 
observations of both lower bird occurrence and higher 
traffic noise in locations closer to roads (Chapter 19). 
However, in addition to traffic noise, road mortality 
should be higher closer to roads, so it is not clear 
whether noise or mortality (or both) is the real cause of 
the negative effects on bird populations. Distinguishing 
these is important for designing appropriate mitigation 
(Summers et al. 2011). The finding that more mobile 
birds are more prone to road effects than less mobile 
species indirectly supports the mortality hypothesis 
over the noise disturbance hypothesis. In addition, 
some of the studies of road effects on birds were 
designed such that the effects of distance from the road 
and distance from habitat edge are confounded, which 
means that apparent road effects could be partly or 


even mainly due to negative edge effects (Delgado 
Garcia et al. 2007; but see Summers et al. 2011). 


28.3 Amphibians and reptiles: All species, 
regardless of life history traits, are prone 
to negative road effects as they are 
particularly susceptible to road mortality 
and habitat fragmentation by roads 


Population-level effects 


For amphibians, 16 studies from 6 countries that 
included a total of 23 species were reviewed. From 
these, 42 records of road and/or traffic effects were 
extracted. On average, roads and traffic reduce popula- 
tions of frogs and toads and salamanders (Fig. 28.2). 
For reptiles, 9 studies from 3 countries that included a 
total of 11 species were reviewed, from which 16 
records of road effects were extracted. On average, pop- 
ulations of turtles and snakes and lizards are negatively 
affected by roads (Fig. 28.2). 

Although amphibians and reptiles have signifi- 
cantly more species at risk than either mammals or 
birds (IUCN 2010), there are relatively few studies of 
the effects of roads on their populations. Those that 
do exist suggest that amphibians are in general nega- 
tively affected by roads, with only one species show- 
ing a positive effect (northern two-lined salamander) 
(Fig. 28.3C(i) and (ii)). Frogs showing negative 
population-level effects include the spring peeper, 
European tree frog, northern leopard frog, wood frog 
and common spadefoot toad. Salamanders showing 
negative effects include the tiger salamander, blue- 
spotted salamander, red-backed salamander, seal sal- 
amander and eastern newt. 

There are only 11 reptile species for which the popu- 
lation-level effects of roads have been evaluated. 
About equal numbers of snake species show negative 
and neutral effects of roads, and one species showed a 
weak positive effect (eastern diamondback rattle- 
snake) (Fig. 28.3D(i)). Snakes showing negative popu- 
lation-level effects include the lava lizard and timber 
rattlesnake, and those showing neutral effects include 
eastern massasauga rattlesnake and eastern hog- 
nosed snake. 

Population-level effects of roads on turtles are mixed 
with three species showing negative effects (desert tor- 
toise, wood turtle and spotted turtle), two showing 
neutral effects (common snapping turtle and common 
musk turtle) and one showing a positive effect (painted 
turtle) (Fig. 28.3D(ii)). 
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Species traits 


In general, populations of amphibian species with 
lower reproductive rates are more susceptible to nega- 
tive road effects than species with higher reproductive 
rates. 

Many reptiles are long-lived with high natural year- 
to-year survival of the adults, and many make long 
movements over land searching for nests or mates. 
These characteristics along with their slow movements 
across roads make reptile populations particularly vul- 
nerable to road mortality. There may be more negative 
effects of roads on reptiles than suggested by studies to 
date because it is difficult to estimate reptile population 
sizes, which would make it hard to detect effects 
(Chapter 32). Also, for species that nest along roads 
(e.g. painted turtles), the negative effect of road mortal- 
ity may be compensated by lower rates of nest preda- 
tion (Langen 2009). 

Species that need to move among different habitats 
are also particularly susceptible to road mortality and 
landscape fragmentation by roads. For example, 
many frogs and salamanders need to move among 
aquatic breeding habitats, upland feeding habitats 
and specialised overwintering habitats to complete a 
life cycle. When these habitats are not adjacent, 
amphibians must move long distances, sometimes 
several kilometres, to find them. At high road density, 
the chance of all these habitats occurring within an 
area absent of roads is unlikely. In some cases, such as 
when roads run adjacent to a river or stream, all ani- 
mals in the population must cross roads to reach 
other habitats, resulting in a very high mortality rate 
(Chapter 31). 

Road mortality also affects amphibian and reptile 
populations indirectly by reducing reproductive rate. 
Reproductive rate of amphibians and reptiles increases 
with age because larger animals have more eggs and 
they keep growing as they age. Roadkill results in a 
shift in age within the population towards younger 
individuals, which are smaller, and this reduces the 
overall reproductive rate of the population (Karraker & 
Gibbs 2011). 


Behavioural responses to roads and/or traffic 


There are not many studies of amphibian and reptile 
behavioural responses to roads. Three snakes, the 
timber rattlesnake, the eastern hog-nosed snake and 
the eastern massasauga rattlesnake, avoid the road 
surface (Andrews & Gibbons 2005), and of these 


three species, only the timber rattlesnake showed 
a negative population-level effect of roads. There is 
one study of the behavioural response of frogs to roads; 
the northern leopard frog showed no behavioural 
avoidance of roads or traffic (Bouchard et al. 2009), 
which probably explains its negative population- 
level response to roads, likely due to abundant road 
mortality. 


28.4 A species response to roads and 
traffic will vary depending on its 
conservation status, geographical location, 
habitat preferences, road type and/or 
traffic volume 


In our review, we determined the average direction 
and size of the road effect when more than one study 
was conducted on a particular species. While this 
provides an indication of the overall effect of roads on 
a particular species, the individual studies may have 
been conducted in different locations or habitat types, 
for example, Florida versus California, United States, 
using different road measures, for example, road den- 
sity versus traffic density, or road types, for example, 
highways versus gravel roads, which may result in 
different road effects on population abundance. For 
example, grey wolves respond negatively to increas- 
ing road density in northern Wisconsin and upper 
Michigan, United States (Mladenoff et al. 1995), but 
positively in the boreal forest of northern Ontario, 
Canada (Bowman et al. 2010). On average, the wolf 
response is neutral, but this hides these different posi- 
tive and negative effects. The regional difference could 
be because most roads in northern Ontario are lightly 
used gravel logging roads, whereas in northern 
Wisconsin and Michigan, they are paved roads with 
higher traffic volumes. Therefore, effects of roads may 
be context or location dependent so extrapolation of 
road effects for a species from one region to another 
should be carefully scrutinised. 

Road effects may also be dependent on the conser- 
vation status of the species or its local population. 
For example, it is possible that a species with traits 
that would normally make it resilient to road effects 
may already be so depleted in an area from other 
causes that a new road, even with relatively low rates 
of mortality or reduced habitat connectivity, may be 
sufficient to cause it to decline further, possibly to 
local extinction. 


The impacts of roads and traffic on terrestrial animal populations 245 


28.5 There are still many species for 
which we do not know the population-level 
effects of roads. To ensure mitigation will 
be effective for as many species as 
possible, research is needed on the effects 
of roads on a broader range of species 


There are large biases towards studies on certain 
groups of mammals and birds, leaving gaps in knowl- 
edge on population-level effects of roads for many spe- 
cies and species groups. Most studied mammals belong 
to either the rodent, hoofed mammal or carnivore 
orders (i.e. 67 of the 84 studied species), highlighting 
the need for more population-level studies for other 
orders. Furthermore, the majority of population-level 
bird studies have been conducted on perching birds 
(passerines) (153 of 194 species studied). On average, 
there was no strong overall effect of roads found for 
this group. If all perching birds were found to have a 
trait that makes them tolerant to road effects, this 
could explain this lack of effect, suggesting that more 
studies on a wider range of bird orders are needed. 
Some of the empirical studies reporting road effects on 
birds were designed such that the effects of distance 
from the road and distance from habitat edge are con- 
founded, which means that apparent road effects could 
be partly or even mainly because of habitat edge effects 
on birds (but see Summers et al. 2011). With a com- 
bined species total of 34, amphibians and reptiles were 
the least represented animal groups in this review, sug- 
gesting more population-level studies are needed. 

To better facilitate future reviews such as this one or to 
estimate potential effects for new road projects, we have 
the following recommendations. First, when reporting 
an effect of roads and/or traffic on a species population 
abundance, authors should include (i) the test statistic 
for the effect (e.g. F or r°) and/or summary statistics (e.g. 
mean and variance) from which an effect size can be 
calculated and (ii) the sample size (or the P value of the 
test if a test statistic was reported). The number of studies 
that could be included in our review was often limited 
by the lack of statistical information provided. Second, 
authors should provide a brief description of the ecology 
of the species of interest, including information on spe- 
cies traits for the geographical location of the study, 
along with references, as this information is often lacking 
or difficult to obtain for researchers living in different 
regions. Third, authors should include maps with a scale 
or provide GPS coordinates of study locations/sites to 
allow the potential of further analyses of landscape vari- 
ables or evaluation of spatial independence of study sites. 


CONCLUSIONS 


From the available literature, there is evidence that 
road mitigation should be considered for wide-ranging 
large mammals with low reproductive rates; birds with 
larger territories; possibly birds that are low flying, 
ground dwelling and/or heavy relative to their wing 
size; all amphibians and reptiles (due to road mortal- 
ity); and species that do not avoid roads or are known 
to be disturbed by traffic. For species that are mainly 
affected by roads through road mortality, mitigation 
should focus on preventing animals from moving onto 
roads (e.g. fences; Chapter 20). For species that are dis- 
turbed by traffic, road effects can be mitigated by meas- 
ures aimed at reducing road and traffic density in the 
landscape (e.g. by closing some roads (Chapter 3) or 
increasing the capacity of roads outside important 
wildlife areas). In addition, engineering solutions to 
reduce traffic noise (e.g. changes to pavement or tyres) 
could partially mitigate the disturbance effects. For 
species that are mainly affected by roads through habi- 
tat fragmentation, mitigation should focus on improv- 
ing habitat connectivity by installing wildlife crossing 
structures (Chapter 21). 

When there is an endangered species present or 
when a population is declining or at risk of local extinc- 
tion due to other disturbances or modifications to the 
environment, roads should be mitigated even if they 
are not the main reason for the species’ endangerment 
or decline. Even if the rate of road mortality on such a 
species is low, any additional mortality or reduced con- 
nectivity can drive it to extinction. Furthermore, spe- 
cies responses to roads are sometimes context (e.g. 
habitat type studied, road/traffic measure used and/or 
road type studied) or location dependent, so road 
impacts on species for a given location of interest 
should be considered carefully before new roads are 
constructed or modified. 

While our review included 312 species and 455 
data sets on population-level effects of roads, large 
biases towards studies on certain groups of mammals 
(ie. rodents, hoofed mammals and carnivores) and 
birds (i.e. perching birds) were uncovered, highlight- 
ing the need for more population-level studies for 
other species groups. 
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FURTHER READING 


Fahrig and Rytwinski (2009): Provides our preliminary 
review findings of the effects of roads on animal abundance 
and examples of some of the common issues associated 
with road ecology study designs. 

Roedenbeck et al. (2007): Based on discussions during the 
‘Landscape-scale effects of roads and biodiversity’ work- 
shop in Germany in 2005, this paper identifies the ques- 
tions in road ecology of most direct relevance to the 
decision-making process and then provides suggestions for 
designing studies that have high inferential strength to 
address those questions. 

Rytwinski and Fahrig (2012): This paper formed the basis of 
the information provided within this chapter. Further infor- 
mation on the methodology used to carry out the review as 
well as further discussion on its findings and the actual data 
itself can be retrieved within this paper and its supporting 
information. 
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INSECTS, SNAILS AND 
SPIDERS: THE ROLE OF 
INVERTEBRATES IN ROAD 
ECOLOGY 
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SUMMARY 


Animals that lack a backbone are called invertebrates, and they account for 95-99% of the animal species 
on earth. Invertebrates are important components of ecosystems and play key roles in the functioning 
of all ecosystems, such as pollination, decomposition and nutrient cycling. Many species are subject to 
mortality due to wildlife-vehicle collisions (WVC) and are negatively affected by traffic pollution and habitat 
fragmentation. However, roadside vegetation in otherwise cleared or modified landscapes provides important 
habitats and corridors for some species. 

29.1 Invertebrates are critical to the healthy functioning of ecosystems and the conservation of 
biodiversity. 

29.2 Mortality rates due to traffic or artificial lighting can be very high. 

29.3 Traffic-related pollution leads to population declines and habitat degradation. 

29.4 Barrier effects are a significant threat to the survival of flightless species. 

29.5 Invertebrates should be included in environmental impact assessment, and using indicator groups 
is a practical yet comprehensive approach. 

29.6 Mitigation measures for invertebrates are urgently needed, and although similar to those used for 
mammals, reptiles or amphibians they differ in important details. 

29.7 Invertebrates benefit indirectly from effective mitigation for vertebrates because of the ecosystem 
function these larger species perform. 

29.8 Sympathetic management of roadside habitats can help the survival of some threatened species of 
invertebrates. 
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Invertebrates are critical to the survival of life on earth. Greater consideration of invertebrates in the 
planning, design, construction and operation of roads is urgently required, including their specific inclusion 
in environmental impact assessments and mitigation. 


INTRODUCTION 


Worldwide, approximately 1.3 million invertebrate spe- 
cies (excluding protozoa) have been identified, compared 
to approximately 63,000 vertebrate species (Fig. 29.1). 
However, the proportion of animal species on earth that 
are invertebrates is likely closer to 99%, because many 
such species remain undiscovered or uncatalogued. Of 
these invertebrates, about 75% are insects (e.g. beetles, 
bees, butterflies or crickets), and the remainder are mol- 
luscs (7%), crustaceans (4%) (see Chapter 30), spiders 
(8%) and other invertebrates like worms (5%). 

It is almost impossible to give a short overview of 
what invertebrates are and how they differ from each 


other because of their incredible diversity. For example, 
the difference between a humming bird and a whale is 
small in comparison to the difference between a light- 
ning bug and a ground beetle, an earthworm and a 
bee, or a spider and clam. The differences among inver- 
tebrates exceed the differences among vertebrates in 
relative size, social behaviour, foraging, mobility and 
reproduction. 

The aims of this chapter are to highlight: (i) the great 
diversity in form and function of invertebrates; (ii) their 
important role in maintaining healthy ecosystems; 
(iii) the impacts of roads and traffic on invertebrates; 
and (iv) important considerations for impact assessment 
and mitigation. 


O Fishes 
O Reptiles 
m Mammals 


B Snails and other molluscs 


E Spiders and other arachnids Œ Other invertebrates 


O Amphibians 
Ø Birds 
B Insects 


@ Crabs and other crustaceans 


Figure 29.1 The number of known and catalogued species of invertebrates. Source: Data from IUCN (2010). 
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LESSONS 


29.1 Invertebrates are critical to the 
healthy functioning of ecosystems and 
the conservation of biodiversity 


Invertebrates are critical to maintaining healthy and 
functional ecosystems and play key roles as pollinators, 
decomposers, seed transporters and nutrient recyclers 
(e.g. Christmas Island crabs, Chapter 30) but also as 
pests and in pest control. In short, they have evolved to 
be an irreplaceable and integral part of earth’s recent 
life. For example, decomposition is essential in reduc- 
ing the build-up of leaf litter and recycling nutrients 
back into the soil. In the 1980s, the rate of leaf-litter 
decomposition along motorways in Central Europe 
slowed by 50-80% due to the use of leaded fuels. The 
lead concentration in soil was about eight times higher 
than average and could be found up to 200 m on either 
side of roads with 100,000 vehicles per day (Klemens 
et al. 1997). The diet of many species of mammals, 
birds, amphibians and reptiles consists partially or 
entirely of invertebrates, and many predators rely 
entirely on specific species. Invertebrates often accu- 
mulate traffic-related pollutants (e.g. worms near 
roads have exhibited cadmium levels 500 times greater 
than expected (LFU 1994)). These pollutants can be 
passed from invertebrate prey to vertebrate predator, 
sometimes accumulating until toxic levels are reached, 
causing disease or death of individuals higher in the 
food chain. 


29.2 Mortality rates due to traffic or 
artificial lighting can be very high 


The available statistics indicate that mortality rates of 
invertebrates far exceed those recorded for vertebrates. 
Threateningly high mortality rates of bumblebees and 
dragon flies were recognised as early as the 1980s (e.g. 
Hagen 1984; Donath 1986), and rates numbering in 
the thousands have been reported (Gepp 1973; 
Hayward et al. 2010). For example, up to 2000 moths 
per km have been found dead along Swiss roads 
(Ruckstuhl cited in SBN 1987: 86), and 2-35 dragonflies 
were killed per kilometre per day in Illinois, United States 
(Soluk et al. 2011), and approximately 20 million indi- 
vidual butterflies and moths were estimated to be killed 
per week when in flight (McKenna et al. 2001). These 
statistics and estimates confirm that Gepp’s (1973) 
estimate of insect mortality for Germany due to colli- 
sion with vehicles of 100-3000 individuals per vehicle 


per kilometre was probably realistic, eventually leading 
to the loss of trillions of individuals and hundreds of tons 
of invertebrate biomass annually. For example, a local 
population of the threatened rattle grasshopper adja- 
cent to a road in the German Jurassic Mountains suf- 
fered losses of 30% of the local population due to road 
mortality (Weidemann & Reich 1995). Although 
many butterfly species avoid crossing roads, those indi- 
viduals that do often suffer high rates of mortality, in 
some cases one out of three individuals will be killed 
per crossing attempt (Pfister et al. 1997). Rates of mor- 
tality of red crabs on Christmas Island can number in 
the hundreds of thousands annually (Chapter 30). 
While population-level studies on invertebrates next to 
roads are rare, one can observe conspicuously low popu- 
lation densities of many species, and especially moths, 
in areas with high traffic volumes. The challenge with 
studies of invertebrate road mortality is that it is 
extremely difficult to detect dead animals (e.g. Fig. 29.2), 
and in most cases, the impact on vehicles is negligible. 

Insect mortalities also occur from traffic lighting, and 
in some places, the accumulated depth of dead insect 
bodies under street lights may be several centimetres 
thick. Insects are particularly attracted to lights with 
high wavelengths (see Chapter 18). Insect mortality 
from lighting can be avoided by using lighting only 
when and where necessary, by using lights with less 
attractive wavelengths and by shielding lights to prevent 
spillover (Chapter 18). Invertebrates can also be killed 
due to incorrect verge maintenance (e.g. using suction 
mowers at certain times of the year) or roadside kerbing 
that can trap invertebrates. 


29.3 Traffic-related pollution leads to 
population declines and habitat degradation 


Invertebrates are extremely susceptible to environmen- 
tal pollution. Pollution from vehicles (e.g. exhaust 
fumes and tyre wear) and roads (e.g. dust from unsealed 
roads or de-icing chemicals) can accumulate in soil and 
vegetation adjacent to roads and impact invertebrate 
communities. For example, the population density of 
earthworms within 30m of a road with 3000 cars per 
day near Moscow, Russia, was 50% lower than in a sim- 
ilar habitat 200 m away (Bykov & Lysikov 1991). 
Other chemicals, such as ozone from traffic, appear 
to negatively affect parasitic wasps that can play an 
important role in regulating pest invertebrate species 
(e.g. aphids) (Gate et al. 1995). Indirectly, pollutants can 
change the composition of plant species along road- 
sides, thereby changing the suitability of the habitat for 
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Figure 29.2 Dead insects, such as this great green bush cricket, are detectable for only very short periods of time before they 
are completely smashed or eaten by scavengers. Source: Photograph by H. Reck. 


different species. Invertebrates have benefitted from 
efforts to reduce chemical pollution for human health 
(e.g. removal of lead from fuel). However, the effects of 
traffic pollution on invertebrates is still poorly under- 
stood and rarely included in environmental impact 
assessments (EIA). Aquatic invertebrates are often at 
risk during road construction or after heavy rainfall 
events due to erosion of sediment that can cause silta- 
tion of waterways. In the Rhön Mountains in central 
Germany, one of the few remaining populations of the 
critically endangered freshwater pearl mussel became 
extinct due to sedimentation caused by poorly man- 
aged road construction (Groh & Jungbluth 1993). 


29.4 Barrier effects are a significant threat 
to the survival of flightless species 


Roads and other linear infrastructure can be a barrier 
or filter to the movement of invertebrates (Mader 
1979). The species most affected are those that cannot 
fly, are slow moving, or avoid roads. For example, areas 
isolated by one road had up to 50% fewer ground beetle 
species than expected based on known habitat prefer- 
ences, increasing to an 80% reduction in species in 
areas with many roads; and flightless species experi- 
enced disproportionately higher losses (Pfister et al. 
1997: 344). Some species that persist in roaded areas 


are additionally affected by a significant reduction in 
genetic variability, further threatening their viability 
(Keller & Largiadér 2003; Chapter 14). Numerous fac- 
tors increase the barrier effect, including traffic vol- 
ume, traffic noise and road design (e.g. kerb height, 
noise walls, vegetation density). Figure 29.3 shows 
the movement of one species of ground beetle before 
and after the construction of a new road. After con- 
struction, the rate of capture was much reduced, and 
there were no movements of individuals across the 
road. It is unclear if this is due to the width of the road 
or traffic volume, but the reduction in the rate of 
crossing is striking. Even narrow roads can act as bar- 
riers, inhibiting the movements of flightless grasshop- 
pers (Reck & Kaule 1993: 89-114) or snails (Martin & 
Roweck 1988). However, the barrier effect may be 
reduced for some species of invertebrate if they are 
transported while on or attached to other larger-bodied 
species (e.g. Fig. 29.6). 

Traffic noise may also affect rates of crossing because 
certain species will move away from roads because of 
acoustic interference. For example, adult steppe grass- 
hoppers, which rely on acoustic communication, avoid 
roads (Pfister et al. 1997: 426) despite being able to 
alter their calls in an attempt to be heard over traffic 
noise (Lampe et al. 2012; see also Chapter 19). 

Many species of invertebrate have specific habitat 
requirements (e.g. vegetation structure, food species of 
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Figure 29.3 The effect of a three-lane road on the movement and abundance of the grain wart ground beetle. Before 
construction (A), many pitfall traps captured more than 20 males, with frequent movements across the road zone. After 
construction (B), the capture rate and movements were significantly lower. Source: Adapted from Pfister et al. (1997): 395. 


plant, soil type, soil moisture), and they need to move 
around the landscape as habitats change seasonally or 
due to succession, often on relatively short timescales. 
Local extinctions can occur if the original habitat becomes 
unsuitable and roads act as a barrier to movements, which 
occurred to a population of the rotund disc land snail in 
Rhineland-Palatinate, Germany (Martin & Roweck 1988). 


29.5 Invertebrates should be included 
in environmental impact assessment, and 
using indicator groups is a practical yet 
comprehensive approach 


The effects of proposed road projects on invertebrates 
should be assessed as part of the EIA because signifi- 
cant impacts are likely (Chapter 5). It is not appropriate 
to assume that the response and needs of invertebrates 


will be addressed if vertebrates are considered because 
both groups may respond differently. Many countries 
have legislation that protects rare and endangered 
species, including invertebrates, and these species, 
under law, must be included in EIAs. However, even 
the common species (which are rarely assessed) 
should be represented in the EIA because inverte- 
brates are critically important to the healthy func- 
tioning of ecosystems and the loss of them may 
affect higher-order vertebrates, some of which may 
be threatened. Furthermore, the Convention on 
Biological Diversity, which has been ratified by most 
countries around the world, recognises the impor- 
tance of conserving all biodiversity. 

The massive species diversity and range of life 
forms of invertebrates (Fig. 29.1) suggest that a 
one-size-fits-all approach to invertebrate EIAs will 
not work, nor will an approach that considers the 
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would appear that for the time being at least, 
no other tractable solution remains to optimise 
the process of including invertebrates in EIAs 
(Textbox 29.1). 


needs of all species for each and every project. 
While considerable debate about the appropriate 
use of ‘indicator’ or ‘umbrella’ species continues 
(e.g. Baumann et al. 1999; Haslett 2007: 41), it 


Textbox 29.1 Invertebrates as indicator species in EIA 


It is always best to directly measure the species or 
environmental condition that we are interested in. 
However, this is not always possible (Chapter 16) and 
indicators are an alternative approach. An indicator 
species is ‘an organism whose characteristics (e.g. 
presence or absence, population density, dispersion, 
reproductive success) are used as an index of attrib- 
utes too difficult, inconvenient, or expensive to meas- 
ure for other species or environmental conditions of 
interest’ (Landres et al. 1988: 317). There are many 
kinds of indicator species (e.g. umbrella, bioindicator, 
keystone, pollution indicator), each with a different 
meaning and intent (Lindenmayer & Burgman 2005). 
Invertebrates are frequently used as indicator species, 
including ants to measure post-mining rehabilitation, 
bees as a measure of pollination, butterflies and moths 
for ecosystem health and aquatic invertebrates for 
waterbody health (see references in Lindenmayer and 
Burgman (2005)). In practice, indicator species are 
usually a suite or group of species, rather than a single 
species, and it is important to distinguish if the indica- 
tor species is to reflect an environmental condition 
(e.g. pollution levels), a specific species (or group of 
species) or a combination of the two. 

This approach assumes that by measuring the rele- 
vant parameter (e.g. presence, abundance, survival) 


for the indicator species, the other species are also 
accommodated for or the environmental condition is 
accurately assessed. Therefore, in the context of EIA, 
the species in the indicator groups must be highly 
responsive to the proposed impact (e.g. road mortality, 
barrier effect, traffic noise) and occur at the location of 
the proposed development, and its response be repre- 
sentative of the actual target species/environmental 
condition. The appropriate indicator species or group to 
be used in an EIA also depends on the habitat type to be 
affected (Table 29.1). There are a number of approaches 
to selecting indicator species to ensure they accu- 
rately represent other species or environmental con- 
ditions, the detail of which is beyond the scope here. 
In its simplest form, detailed EIA and mitigation plan- 
ning should identify indicators that are highly sensitive/ 
demanding and, if possible, be locally important (e.g. 
threatened or iconic) to raise its profile and provide 
public support. It appears possible to reduce the 
enormous variety and diversity of invertebrates into a 
practical number of groups and subsequent target 
species to save on costs and simplify an otherwise 
impossibly complex process. However, the details of 
the approach and its success still require significant 
region-specific testing and evaluation to identify the 
appropriate indicators. 


Table 29.1 List of indicator groups of species used in Central European environmental impact assessments. 


Broad habitat type 


Potential combinations of indicator species; partially 


redundant (non-invertebrates given in parentheses) 


Waterbodies and banks Dragon flies, macrozoobenthos, crayfish, molluscs, ground beetles 
(chandelier algae, vascular plants, fish, birds, reptiles, amphibians, 
mammals) 

Ground beetles, grasshoppers/crickets, spiders (vascular plants, birds, 
mammals) 

Ground beetles, butterflies, grasshoppers/crickets, wood-inhabiting 
beetles, bees, ants, moths, spiders (vascular plants, birds, reptiles, 
amphibians, mammals) 

Ground beetles, butterflies, grasshoppers/crickets, wood-inhabiting 
beetles, bees, ants, moths, spiders (vascular plants, birds, 
amphibians, mammals) 

Ground beetles (vascular plants, bats) 

Dragonflies, snails (vascular plants) 

Snails, crustaceans 


Agricultural land (arable fields) 


Open habitats (incl. meadows and 
pastures) and forest edges 


Forest and woodland 
Caves 


Springs 
Subterranean waterbodies 
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29.6 Mitigation measures for invertebrates 
are urgently needed, and although similar 
to those used for mammals, reptiles or 
amphibians, they differ in important details 


Invertebrates, just like mammals, amphibians, birds and 
reptiles, need effective measures to reduce road mortality 
andrestore habitat connectivity (Fig. 29.4). Unfortunately, 
most monitoring programmes fail to assess the use of 
crossing structures by invertebrates and those that have 
suggest that land bridges have the highest rates of use 
compared to small or dark underpasses (Sporbeck et al. 
2013). However, many land bridges are not suitable for 
some invertebrates because they were designed only 
for vertebrates. Invertebrates have different requirements, 
including specific soil type, soil profile or vegetation struc- 
ture. In addition, invertebrates with low mobility will 
need crossing structures in close proximity to their 
habitats and movement corridors. In summary, a bar- 
rier for invertebrates may not be a barrier for large 
vertebrates, and vice versa, and this means achieving 
multifunctional passages which will require careful 
planning (Textbox 29.2). 


29.7 Invertebrates benefit indirectly from 
effective mitigation for vertebrates because 
of the ecosystem function these larger 
species perform 


Many vertebrates (and indeed some invertebrates) are 
important for the survival and movement of invertebrates 
by creating suitable habitat conditions. Large herbivores 
(Chapter 42) are particularly important through grazing, 
trampling, burrowing and defecating. For example, the 
activity of ground beetles on overpasses with tall grass in 
Germany was on average threefold higher on the tram- 
pled vegetation of deer paths than at control sites (Reck 
2013). In addition, many species are directly involved in 
the transport of individual animals and plant propagules 
(Fig. 29.6), potentially over great distances (Chapter 56). 


29.8 Sympathetic management of roadside 
habitats can help the survival of some 
threatened species of invertebrates 


The vegetation of roadside verges is often distinctly dif- 
ferent to that of the surrounding landscape (Chapter 46). 
Within forests, the roadside is a clearing, and within 
agricultural or urban landscapes, the roadside may sup- 
port trees, shrubs or grasses that no longer exist in the 


Figure 29.4 The importance of dung beetles has been 
recognised in South African National Parks. 
Source: Photograph by R. van der Ree. 


area. The role of verges as ‘green infrastructure’ for bio- 
logical diversity within intensively managed landscapes 
is increasingly appreciated (Verstrael et al. 2000). Old 
trees along European roadsides are important refuges 
for wood-inhabiting beetles, including the impressive 
stag beetles (Gtirlich 2009) and the endangered hermit 
beetle. Roadside trees provide habitat and movement 
corridors for moths and many species that are poor fly- 
ers (Oleksa & Tyszko-Chmielowiec 2012; Roloff 2012). 
Similarly, verges with native plants can provide habitat 
and act as a corridor for ground and grassland species 
(Vermeulen 1994; Kiss et al. 2012; Schaffers et al. 
2012). If mowing is conducted at the right frequency 
and time of year, flowering can be optimised for flower- 
visiting insects, thereby positively affecting the sur- 
rounding ecosystem due to the presence of pollinators 
(Noordijk 2009). 

A number of simple principles should direct manage- 
ment of roadside verges to reduce costs and improve 
aesthetics and suitability for invertebrates (Verstrael 
et al. 2000). Management should: 

e Aim to maximise benefits for as many species as 
possible; 

e Avoid frequent mowing and include areas where 
grasses can grow fully; 

e Maintain natural soil types, profiles and nutrient lev- 
els according to the needs of the target species; 


Textbox 29.2 Designing wildlife crossing structures for invertebrates 


The most effective crossing structures for invertebrates 
are likely to be those where the individual animal does 
not notice a significant change in its preferred habitat as 
it crosses over or under the road (e.g. Fig. 29.5). Crossing 
structures can also be designed specifically for inverte- 
brates (e.g. red crabs on Christmas Island, Figs 30.2 and 
30.3). Crossing structures for large vertebrates can 
probably be slightly modified to also be suitable for a 
wide range of invertebrate species. There are a number 
of principles to inform the design and management of 
wildlife crossing structures for invertebrates: 

e They should be located sufficiently close to the target 
populations; otherwise, corridors or stepping stones are 
required. 

e They should be large enough to support the preferred 
habitat of the target species for movement and/or per- 
manent occupation. Different species will likely require 
different habitats, and these may need to be distributed 
across multiple crossing structures. 

e Crossing structures should contain a suitable substrate 
(e.g. soil type and depth, level of compaction), which is 
particularly important for burrowing species but more so 
for its affect on plant growth (Chapter 21). Depending on 
the needs of the target species, crossing structures 
could include longitudinal strips or patches of bare 
earth to facilitate movement and species-specific hab- 
itat components (e.g. rocks, logs, grasses or a dense 


leaf canopy, etc.) will also assist. The greater the diver- 
sity of microhabitats, the more effective the structure 
will be for a greater number of species. 


e Crossing structures with concrete floors (e.g. culverts 
and pipes) will only be suitable for a small number of 
species, most likely generalists. 

e Wildlife overpasses must be designed to retain 
sufficient moisture to support plant growth without 
compromising the structural integrity of the structure if 
soils become waterlogged. On some structures, a wet 
and dry habitat type may be required for different 
species. 

e Underpasses must be relatively open and have vis- 
ible light because some species avoid dark spaces. 
Similarly, invertebrates that require continuous vege- 
tation cover are unlikely to use underpasses without 
such cover. 

e Water passing through underpasses should mimic the 
natural flow of waterways (i.e. varying velocities, natural 
pools and riffles, substrate with logs and rocks for shel- 
ter and no barriers) (Chapters 44 and 45). Some species 
(e.g. clams) are dependent on fish migration because 
their larvae are attached to them. 

e Artificial lighting should be avoided wherever possi- 
ble. Where required, use globes with a narrow spectrum 
of low wavelength light (monochromatic yellow light 
about 590nm) and install them at the lowest possible 
height. Lamp boxes should be enclosed to prevent 
invertebrates from accessing the globe and focus the 
light only where it is needed (i.e. prevent unnecessary 
light spillage, Chapter 18). 

e Avoid barriers and traps for flightless species, such 
as kerbs and drains. 


Figure 29.5 Wildlife overpass for mammals, reptiles, amphibians and invertebrates in Germany. Designed to maximise 
habitat heterogeneity, this structure has three different soil types and ponds on both approach ramps and includes grassy 
and shrubby vegetation. A range of invertebrate species can use the bridge, including those preferring drier or moister 

environments and those that prefer grasses or shrubs. The two wire exclosures are part of an experiment to test the effect 


of ungulates on plant growth. Source: Photograph by H. Reck. 


Insects, snails and spiders: The role of invertebrates in road ecology 255 


(A) 


Figure 29.6 Vertebrates are important vectors for the movement of invertebrates: (A) limpet attached to red deer and (B) 
grasshoppers being transported by sheep. Source: Photograph by and reproduced with permission from B. Stécker (A) and B. 


Schulz (B). 


e Maintain a naturally diverse mix of plant species and 
allow for natural succession; and 

e Design roadsides to be as natural as possible, with 
open ditches and slopes rather than impermeable sur- 
faces, and of course avoid installing barriers or traps. 


CONCLUSIONS 


Invertebrates are the most diverse and abundant group of 
wildlife on earth and play critically important roles to 
maintain ecosystem health. Roads and the traffic they 
contain and other linear infrastructure impact inverte- 
brates in a range of ways, including the mortality of vast 
numbers of individuals, restriction of movement and 
reduction in the amount and quality of habitat. Compared 
to vertebrates, there has been significantly less research 
on the impacts of roads and traffic on invertebrates and 
even less on mitigation solutions. Future road projects 
should explicitly consider invertebrates during the EIA 
and design stages to ensure future roads do not further 
endanger invertebrates. Critical aspects to consider 
include (i) further developing indicator species approaches 
to EIA and mitigation planning; (ii) maintaining connec- 
tivity among populations for movement and gene flow; 
and (iii) identifying and protecting species with key 
functional roles in ecosystem function. Efforts should 
take a landscape-scale focus on recovering populations of 


threatened species by reducing road mortality and 
restoring connectivity through the construction of 
appropriate crossing structures (Chapter 21) and move- 
ment corridors across fragmented landscapes. 
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FURTHER READING 


European Commission (2013): This report promotes integrated 
approaches (including all species and ecosystem services) to 
achieve sustainable solutions. This approach is relevant for 
green infrastructure, where functioning ecological networks 
across and along roads and other linear infrastructure are 
critical. 

Haslett (2007): A European strategy for decision-makers, gov- 
ernments and conservationists that provides basic ecological 
facts about invertebrates and presents a clear vision, goals 
and objectives to conserve invertebrates and maintain the 
crucial ecosystem services they provide. 
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Jongman et al. (2011) and Reck et al. (2010): These two 
strategies promote ecosystem-based planning at international 
(European) and national (Germany) scales, respectively. 

Samways (1994): This readable book is still relevant today and 
gives a profound and convincing introduction on the impor- 
tance and practice of the conservation of invertebrates rang- 
ing from single species to landscape conservation approaches. 
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Chapter 30 


GASE STUDI: 
PROTECTING CHRISTMAS 
ISLAND'S ICONIC RED 
CRABS FROM VEHICLES 


Rob Muller and Mike Misso 


Christmas Island and Pulu Keeling National Parks, Christmas Island, 


Indian Ocean, Australia 


One of Christmas Island’s most ecologically distinct 
and significant characteristics is its land crabs 
(Fig. 30.1). The island, positioned some 1500km NW 
of Australia in the Indian Ocean, has the largest and 
most diverse land crab community in the world. The 
most conspicuous crab species is the endemic red crab, 
with an estimated population of 45 million in 2011. 
Red crabs play a vital role in recycling nutrients and 
shaping and maintaining the structure and plant 
species composition of the rainforests by consistently 
controlling the dynamics of seedling recruitment. 

Each year, at the beginning of the wet season (usually 
October to November), most adult red crabs begin a 
remarkable migration from the forests to the coast to 
breed. It is one of the world’s natural spectacles, attract- 
ing national and international visitors alike. During the 
peak migration periods, it’s possible to walk among a 
moving sea of tens of thousands of crabs. Unfortunately, 
hundreds of thousands of red crabs can be killed annually 
during their breeding migration by vehicles. While two 
thirds of the island's 135km? is protected as a national 
park (Christmas Island National Park), high levels of crab 
mortality still occur, especially outside the park. In coop- 
eration with key stakeholders and the community, Parks 
Australia implements a range of mitigation measures to 
significantly reduce red crab mortality rates. 


A key mitigation measure is the installation of small 
underpasses topped with cattle guards (Fig. 30.2) on 
selected roads with high traffic volume that cross major 
crab migration routes. Low plastic and (more recently) 
steel fencing along the road edges funnels crabs to the 
culverts, enabling them to safely cross (Fig. 30.2). An 
overpass, known locally as ‘the crab bridge’, was installed 
on one road for the 2012-2013 red crab migration 
(Fig. 30.3). While crossing structures and fencing for crabs 
are effective at reducing mortality rates, they do not elimi- 
nate all mortality as some crabs manage to breach the 
fence and the structures require ongoing maintenance. 

The most effective and efficient approach is to close 
certain roads during peak migration periods, particu- 
larly those within the national park. However, the 
island is home to around 2000 human residents, and it 
is problematic to close roads elsewhere on the island 
due to high traffic volumes, proximity to residential 
areas and a lack of alternative crab-free routes. To 
tackle this problem, park and local shire staff tempo- 
rarily close selected roads and redirect traffic onto 
roads with fewer crabs. Community and organisational 
education and support are also critical, and by working 
together, the community on Christmas Island is saving 
the lives of thousands of crabs annually and helping to 
maintain the ecosystem services they perform. 
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Figure 30.1 The red crab is endemic to Christmas Island, with an estimated population size of 45 million. Source: Photograph 
by and reproduced with permission of Di Masters. 


Figure 30.2 Small, open-topped underpasses (A) with funnel fencing (B) are the key mitigation measures to reducing 
mortality and maintaining crab movements. Source: Photographs reproduced with permission of Parks Australia. 
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Figure 30.3 Crab overpass, Christmas Island. Source: 
Photograph reproduced with permission of Parks Australia. 
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SUMMARY 


Amphibian populations are at risk of adverse impacts from roads and traffic. Roads constructed in the vicinity 
of wetlands and streams often interrupt amphibian movement pathways and can prevent individuals from 
accessing critical habitats. High numbers of amphibians are either deterred from crossing or killed by traffic, 
contributing to population declines. Although information on how best to mitigate the impacts of roads on 
amphibians is lacking in many areas of the world, several important lessons can be identified. 

31.1 Roads and traffic contribute to amphibian mortality and population declines. 

31.2 Planning the location of new roads to avoid amphibian habitat is critical. 

31.3 Road construction should be timed to avoid periods of high amphibian activity. 

31.4 Good design and placement of wildlife crossing structures is paramount. 

31.5 Fencing must be designed to keep amphibians off the road. 

31.6 Construction of replacement ponds as mitigation and compensation measures may provide 
solutions. 

31.7 Wildlife crossing structures and fences must be maintained at least annually and to a high 
standard. 
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31.8 Some circumstances involve management of traffic flow and assistance with amphibian migrations. 
31.9 The effectiveness of mitigation for amphibians should be studied pre- and post-construction. 
Owing to the uncertainty surrounding the ability of crossing structures to mitigate road impacts for many 
amphibians, design and installation must be done under supervision by experienced and qualified biologists, 
and effectiveness demonstrated through monitoring. This approach is especially warranted in areas outside of 
Europe and North America, where there is little information on amphibian usage rates of crossing structures. 


INTRODUCTION 


Amphibians (frogs, toads, newts and salamanders) 
require interconnected areas of land and freshwater 
habitat to fulfil their complex life cycles, including 
areas in which to forage, shelter, breed and disperse. 
Roads and traffic can disrupt their life cycles and lead to 
population declines at local and regional scales. These 
declines are part of the continuing global decline in 
amphibian populations, with some declines attributed 
to habitat loss and fragmentation arising from road 
impacts (Beebee & Griffiths 2005; Beebee 2013). It is 
therefore critical to incorporate effective measures to 
avoid or mitigate the impact of new and existing roads 
on amphibians if the loss of amphibian diversity is to 
be reversed. The aims of this chapter are to identify the 
main impacts of roads and traffic on amphibians and 
highlight practical and effective solutions. 


LESSONS 


31.1 Roads and traffic contribute to 
amphibian mortality and population declines 


Amphibians depend on closely distributed patches of 
aquatic and terrestrial habitat to complete their life 
cycles (Semlitsch 2002). Different species of frogs, 
toads, newts and salamanders require either still water 
(ponds and wetlands) or running water (creeks and 
streams) for breeding and larval development. At met- 
amorphosis, the young emerge from the water and often 
disperse several kilometres. In temperate regions of the 
world, there are often seasonal cycles to amphibian 
movements. Species overwinter (hibernate) in terrestrial 
habitats such as forests, then migrate along specific 
pathways to breeding sites in spring. In warm climates 
(e.g. tropical parts of Australia, Africa, South America 


and Southeast Asia), amphibian movement to breeding 
sites is often initiated by rainfall (see also Textbox 6.1). 
Fluctuating water levels can also trigger amphibian 
movements; in these instances, movement is not 
restricted to specific pathways and appears random. 
Amphibians therefore need to be able to move among 
aquatic and terrestrial habitats for long-term persis- 
tence of metapopulations (Smith & Green 2005). 
Reliance on both the aquatic and terrestrial environ- 
ments is the main factor that makes many amphibian 
species sensitive to the fragmentation effects of roads 
(Marsh et al. 2008). 

The construction of a road can destroy and modify 
amphibian habitat and can fragment movement path- 
ways. Amphibians are particularly vulnerable to the 
negative effects of roads and traffic due to their rela- 
tively slow rate of movement, their moist delicate skin 
which is prone to desiccation and, for most species, an 
aversion to light and noise. The frequent positioning of 
roads close to wetlands can result in the mass mortality 
of individuals when they are moving. For example, 
Ashley and Robinson (1996) recorded mortality of 
30,034 frogs over a 4-year period on a 3.6 km section 
of a two-lane road adjacent to a wetland on Lake Erie, 
Canada. Roads and traffic can impede amphibian 
movement and inflict high mortality, ultimately result- 
ing in reduced population sizes (Fahrig et al. 1995; 
Hels & Buchwald 2001; Chapter 28). Indeed, amphib- 
ians are often the vertebrate group with the highest 
rates of road mortality (Glista et al. 2008; Textboxes 
13.1 and 54.2). Amphibian road mortality rates are 
dependent on the volume and timing of traffic, as well 
as the season and weather conditions (particularly 
rainfall) which often influence migratory behaviour. 

There are a range of direct and indirect effects during 
road construction and the operational phase that usually 
impact amphibians. For example, roads can degrade hab- 
itat through impacts on water flow levels, flow patterns, 
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the quality of groundwater and altered water table 
fluctuation and by pollutants on roads and in roadside 
habitats (Chapters 44 and 45). To ensure the ability of 
amphibian populations to function, a critical challenge is 
thus to prevent roadkills and maintain habitat connectiv- 
ity. Practical methods to reduce and to prevent amphibian 
road mortality, including road signs, speed reduction, 
temporary fencing, road closures, replacement habitats, 
road removal, wildlife crossing structures, are reviewed 
by Schmidt and Zumbach (2008). 


31.2 Planning the location of new roads to 
avoid amphibian habitat is critical 


The magnitude of the impact of roads on amphibian 
populations will largely depend on the location of the 
road. The most important aspect in planning new roads 
is to avoid placing them in important habitats and to 
accommodate the needs of amphibians. Ecological plan- 
ning is vital at the earliest stage possible to inform the 
design and to determine how cost and safety considera- 
tions can be managed around essential ecological needs 
(Chapters 4 and 9). 

There is a strong need to engage amphibian experts at 
the very earliest planning stages to ensure the best out- 
comes (Chapter 9). Good planning will require the identi- 
fication of amphibian habitat and dispersal pathways. 
Care should be taken to consider all possible breeding 
habitats for amphibians during the initial planning stage. 
Field surveys for amphibian species should also consider 
that some species may be hard to find, and so it is always 
best to conduct repeat surveys using multiple survey 
techniques (Dodd 2010; Textbox 6.1). 

After a road project has identified all available amphib- 
ian habitat and populations, the subsequent environmen- 
tal impact assessment (Chapter 5) must consider the 
effect of the road and traffic within a broader landscape 
perspective and that the species may be part of a larger 
regional metapopulation. Particular attention needs to be 
paid to rare and declining species and species that are 
sensitive to habitat fragmentation (e.g. species that 
disperse widely) or habitat disturbance (e.g. species that 
are habitat specialists), as well as common species. 


31.3 Road construction should be timed to 
avoid periods of high amphibian activity 


Construction machinery and earthworks can kill or 
injure amphibians, and adequate controls must be 
in place during construction to reduce mortality. 


Amphibians occurring in close proximity to the site 
may need to be removed before construction and 
transferred (translocated) to replacement habitat, 
preferably created within dispersal distance of the 
original site. Translocations must adhere to strict pro- 
tocols to minimise the risk of spreading the amphibian 
chytrid fungus or other pathogens such as ranaviruses 
and must ensure that local gene pools are maintained. 
Guidelines on translocation of amphibians are availa- 
ble (IUCN/SSC 2013). 

Temporary exclusion fencing should be used to ‘trap 
out’ an area prior to clearing and to direct movements 
of amphibians away from construction zones. Silt fenc- 
ing can be used to minimise sedimentation of breeding 
ponds and streams. The effectiveness of these actions, 
however, will depend on the time of year that they are 
undertaken relative to the amphibian activity cycle. 
For example, when a breeding site is to be destroyed, 
trapping of a large proportion of adults may be more 
successful during periods of high activity, for example, 
when breeding congregations have formed and individu- 
als can easily be collected. Alternatively, a ‘doomed’ pond 
may best be fenced off and destroyed when amphibians 
are not present, for example, during winter if all species 
are spring breeding and known to hibernate in upland 
habitats away from the pond. 

It is important to start pre-construction translocation 
early as this process is often too short because construc- 
tion often commences soon after the release of funding. 
Awarding separate contracts for the ecological and 
construction work often produces a better result than 
combining the two but only if the ecology and construc- 
tion teams collaborate closely. Amphibian translocation 
must consider animal welfare and often requires scien- 
tific permits, which must be taken into consideration as it 
may delay pre-construction surveys. Translocation is 
also labour intensive. Most importantly, translocation 
may be fraught with uncertainty and should only be pur- 
sued when there are no other options for avoiding road 
impacts. 


31.4 Good design and placement of wildlife 
crossing structures is paramount 


Wildlife crossing structures and fencing have been 
shown to reduce road mortality and facilitate the sea- 
sonal migration of a range of amphibian species in sev- 
eral continents (Chapter 20). However, the location of 
crossing structures is critical to their ability to mitigate 
road impacts on amphibians. A typical approach is to 
use roadkill data to identify specific locations where 
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animals attempt to cross roads and are killed 
(Chapter 13). While such hotspots are generally associ- 
ated with good-quality habitat next to the road, recent 
population counts or roadkill data can be misleading if 
the mortality has already reduced local populations 
(Fahrig et al. 1995). Therefore, complementary studies, 
such as simulation modelling including animal move- 
ment behaviour and habitat distribution, could be used 
to identify the most likely crossing sites and hence loca- 
tion for crossing structures. 


The most common means of maintaining connectiv- 
ity for populations of amphibians in Europe and North 
America has been small road underpasses (Textbox 31.1; 
Fig. 21.1C). Evidence from trials of early designs of 
amphibian tunnel and fence systems suggested that it 
was extremely difficult to maintain amphibian dispersal 
patterns that were present prior to road building 
(Langton 1989). However, greater retention of original 
dispersal patterns has been achieved using modern 
designs of small tunnel and fence systems and using 


Textbox 31.1 Designing the Besthorpe-Wymondham bypass, Norfolk, United Kingdom, for amphibians 


This project comprehensively addressed the impact of 
a major new road (four lanes) (Fig. 31.1) for the great 
crested newt (endangered species under the UK 
Wildlife and Countryside Act 1981) and the common 
toad (Highways Agency 2001). The road would affect an 
old gravel pit containing a large pond and surrounded 
by intensive agricultural land. The pond was reduced in 
size but was largely retained next to the road, where 
amphibian fencing was installed on either side and 
maintained. Mitigation measures were initiated 2 years 
before construction began and included: 

e Two replacement ponds constructed within 200m 
of former habitat and one pond restored. Road edge 
fenced with permanent amphibian barrier. 


e Arable fields converted to 6 ha of grassland; hedges, 
scrub and woodland planted to replace lost terrestrial 
habitat and along the road to screen light, noise, spray 
and dust from the road. 

e Underpass ledge built into a river bridge and a 
road bridge constructed to maintain movement 
pathways for amphibians to facilitate genetic 
exchange. 

Selected areas were also placed under nature 
conservation management. Newt and toad spe- 
cies are still breeding in habitats on both sides of 
the road after 20 years. The replacement habitat 
now supports a large population of great crested 
newts. 


Figure 31.1 The Wymondham location in arable farmland showing retained, restored and constructed habitats for 
amphibians. Source: Photograph by and reproduced with permission from Mike Page. 
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Table 31.1 Recommended minimum tunnel dimensions for underpasses (width and area of the entrance) of different lengths 
and shapes, derived from the European (Iuell et al. 2003) and North American (Clevenger & Huijser 2009) guidelines. 


Shape Tunnel length 

20m 20-30m 30-40m 40-50m 50-60m 
Rectangular 1.0x0.75m 1.5x1.0m 1.75x1.2m 2.00x 1.5m 2.3x 1.75m 

0.75m? 1.5m? 2.1m? 3m? 4m? 
Circular 1.0m? 1.2m? 1.6m? 2m? 2.5m? 
Dome 1.0x0.7m 1.4x0.7m 1.6x1.1m — — 

c.0.50 m? c.0.70 m? c.1.3m? 


Approximate surface area of underpass entrance is shown in bold. 


wildlife overpasses and wider ‘cut-and-cover’ road tun- 
nels (some around 500m wide). In some instances, 
however, road tunnelling through hills and mountains 
may be the only way that original patterns of amphib- 
ian dispersal are fully retained. This is because even if 
large numbers of animals currently use the tunnels, dis- 
persal patterns will change naturally over time, resulting 
in tunnels that are temporarily or no longer used. 
Ultimately, the aim is to avoid or minimise any change 
to dispersal patterns and to sustain similar species 
diversity, distribution and abundance to that prior to 
road construction. 

While a ‘one-size-fits-all’ approach may not be appli- 
cable for amphibians, some common design specifica- 
tions can be outlined. Tunnel shape, length and width, 
floor substrate type, moisture, temperature, humidity, 
air and water flow and day and night light levels are all 
important. Road underpasses designed specifically to 
facilitate amphibian movement include: 

e Purpose-built underpasses of around 0.5m width, 
mostly with surface slots to allow water and light in, 
keeping the tunnel moist and aired, with an internal 
temperature similar to the atmospheric temperature; 

e Small underpasses under 3m width including 
concrete rectangular box culverts. 

Underpasses have been the most commonly used 
crossing structures for amphibians. Experimental 
results show that, because of a species-specific prefer- 
ence for tunnel use, it may be difficult to propose a 
single protective measure that works equally well for all 
species (Lesbarréres et al. 2004; Hamer et al. 2014). 
From early studies in Europe (Stolz & Podloucky 1983), 
it was recognised that bare concrete tunnels and culverts 
were not acceptable for many amphibians, particularly 
salamanders. One proposed improvement was placement 
of soil along the tunnel floor where soil thickness and 
water ingress keeps the inside damp along its length, but 


examples of this being achieved are still few. Amphibian 
tunnel size suggestions for the European Union have been 
developed (Iuell et al. 2003) and recommended for use in 
North America (Clevenger & Huijser 2009). Although 
quantitative research on amphibian response to tunnel 
characteristics has been lacking, Table 31.1 shows tunnel 
sizes and surface areas according to these guidelines. It is 
clear that small (0.5m width) surface tunnels can facili- 
tate amphibian movement (Pagnucco et al. 2011). The 
precautionary principle should always be applied where 
there is a lack of information on acceptance rates of these 
structures: some tunnels larger in volume than that 
predicted is advised until the appropriate type has been 
accurately determined. The distance between tunnels 
also requires consideration, but it is generally recom- 
mended that amphibian tunnels should be spaced less 
than approximately 50m apart (Ryser & Grossenbacher 
1989). Current German guidelines state that inter- 
tunnel distances should be no more than 30m, and the 
distance from the last tunnel to the end of the barrier 
wall or fence should be no less than 50m, although this 
will vary (FMTBH 2000). 


31.5 Fencing must be designed to keep 
amphibians off the road 


The choice of fencing is equally as important as the 
design of the crossing structures (Figs. 20.5 and 20.6). 
Fencing should keep amphibians off the road and 
direct individuals towards the crossing structures. Low 
fencing without overhangs may not work well for tree 
frogs or other climbing or jumping amphibians. In 
Europe, effective fences are usually about 500 mm high 
and made of a wide range of materials with widely 
varying permanence: sheet polythene plastic for up 
to 3 years and shade cloth (woven polypropylene 


266 Handbook of road ecology 


monofilament strands) and heavier plastics or metal 
mesh (galvanised and stainless steel) for longer peri- 
ods. In Australia, effective (albeit with a short lifespan) 
frog fencing is usually comprised of shade cloth up to 
1.2m high, with an overhang (about 300 mm) to dis- 
courage climbing frogs from scaling the top of the 
fence. The fence is buried about 200mm into the 
ground. The lifespan of fences varies significantly 
depending on the type of material and construction 
method and the harshness of the landscape (e.g. snow 
or sand drift, wind strength and UV levels, etc.). The 
size of mesh used must be small enough (<3 mm?) to 
prevent trespass by the smallest of amphibians — typi- 
cally newly metamorphosed individuals. Current 
practice (and one that works well) is to secure shade 
cloth to metal star pickets or wood fence posts using 
high tensile fencing wire. 

Fence type will ultimately be determined by the tar- 
get species, and combination fencing for multiple 
species is a cost-effective option (Fig. 20.5). Longevity 
of fences is a vital cost issue, and calculation of con- 
struction and maintenance costs over long periods 
(>25 years) may reveal the most cost-effective solu- 
tion. Robust fence designs are best; fences should be 
capable of withstanding some contact with mainte- 
nance machinery, including mowers and snow 
ploughs, as well as impact from windblown sand and 
snow. A flat platform in front of the fence may prevent 
vegetation from growing in immediate contact with 
the fence, which would otherwise allow individuals to 
get over the fence. 


31.6 Construction of replacement ponds 
as mitigation and compensation measures 
may provide solutions 


In the last two decades, amphibian habitat loss has 
been mitigated by the construction of replacement 
ponds in the vicinity of where the original ponds were 
located. While the dynamics of the colonisation pro- 
cess is often species specific (Lesbarréres et al. 2010), 
successful replacement ponds can be designed around 
simple habitat features, such as providing aquatic and 
terrestrial vegetation and keeping ponds free of preda- 
tory fish (Semlitsch 2002). For example, logs and 
mulch from felled trees and rocks removed during con- 
struction can be used as refuge sites around replace- 
ment ponds. However, even if replacement ponds are 
well connected to existing ponds with amphibian pop- 
ulations, it may take a few years for the ponds to 
become fully established (Textbox 31.2). 


31.7 Wildlife crossing structures and 
fences must be maintained at least annually 
and to a high standard 


Wildlife crossing structures and fences require reg- 
ular inspections and maintenance to ensure they 
are functioning effectively, especially before the 
start of the breeding season of the target species 
(Chapter 17). Fences can be torn or broken by vehi- 
cles, fallen vegetation, vandalism, machinery and 
animals and should be routinely checked and 
mended if necessary at least twice a year (to coin- 
cide with seasonal migration to and from the wet- 
land). Fences fall over if not supported properly 
(Fig. 31.4). Cracks and tears in fences need to be 
repaired rapidly, especially during periods of high 
amphibian movement (e.g. spring). Tall grasses and 
shrubs along the fence must be kept mown or 
pruned to prevent individuals from climbing over. 

Underpasses and their entrances require checking 
for overgrown vegetation, accumulated silt and debris, 
erosion and animal excavation of soil floors and other 
problems. Blocked entrances may discourage amphibi- 
ans from entering (Fig. 31.5). In cold temperate 
regions, road authorities should use non-caustic de- 
icing materials such as sand near slotted/open-topped 
tunnels. Surface-slotted tunnels can be washed out 
using a fire hose. If replacement ponds or ponds at 
entrance points to tunnels have been constructed, the 
water levels need to be maintained according to the 
specific requirements of the amphibian community 
present. In essence, annual fence and underpass main- 
tenance is essential. 


31.8 Some circumstances involve 
management of traffic flow and assistance 
with amphibian migrations 


Alternative options to crossing structures and fences 
may be more feasible when funding for road mitigation 
is insufficient or landscape type (soils and gradient) 
makes under-road tunnelling impractical. Such meas- 
ures include temporary road closures during the 
migration or movement season, reduced speed zones at 
crossing hotspots and the so-called bucket brigades of 
volunteers who carry migrating amphibians across 
roads. Installing temporary barrier fences on one side 
of the road can also act to intercept dispersing amphib- 
ians before they cross the road, and these individuals 
can then be released on the other side of the road by 
volunteers. These methods have public education and 
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Textbox 31.2 Replacement ponds: Do they work? 


Following the construction of Highway A87 in western 
France, a restoration project was initiated in 1999, and 
the success of restoration has been monitored until 2011 
(Fig. 31.2; Lesbarréres et al. 2010). The presence of 
amphibian species was recorded in eight replacement 
ponds, and this was compared to the original amphibian 
community in the area. Species richness initially declined 


following construction of the replacement ponds but 
generally returned to pre-construction levels (Fig. 31.3). 
The most significant habitat characteristics explaining 
amphibian species richness were pond surface area, 
pond depth and sun exposure. Moreover, high frog and 
toad species richness was associated with an increase 
in the amount of vegetation in and around the pond. 


Figure 31.2 Replacement ponds constructed as part of the restoration project, western France 1999. Source: Photographs 


by D. Lesbarréres. 
6 
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Figure 31.3 Average species richness (+1 SE) in eight replacement ponds for 12 years post-construction. Source: Adapted 
from Lesbarréres et al. (2010). 


awareness benefits and do not require permanent miti- 
gation structures to be installed, but they do require 
the approval of road agencies and high standards of 
road safety awareness. Experience also shows that vol- 
unteers can lose interest in the work over time. 


Decisions regarding the location and timing of road 
closures and low-speed zones are based upon traffic 
volumes and road mortality thresholds, which indicate 
when critical levels are being reached (see review by 
Schmidt and Zumbach (2008)). 
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Figure 31.4 Amphibian fencing that has fallen over and is no longer functional. Frogs are able to cross onto the busy 
freeway, risking death or injury. The crossing structure accompanying the fence is shown in Figure 31.5. Source: Photograph 


by R. van der Ree. 


Figure 31.5 Poorly designed and maintained underpasses for the growling grass frog, an endangered species in south-east 
Australia. The fence is not flush with the tunnel entrance and does not direct frogs into the tunnel. The culvert also has no 
ventilation slits and is probably dry. The entrance is overgrown with vegetation. There is no evidence that frogs move through 


this structure. Photograph by R. van der Ree. 


Making a safe leap forward: Mitigating road impacts on amphibians 269 


31.9 The effectiveness of mitigation for 
amphibians should be studied pre- and 
post-construction 


The success of mitigation measures can be assessed at 
different levels, including as a reduction in road mortal- 
ity to the maintenance of genetic connectivity between 
populations. The best means of assessing the effective- 
ness of mitigation is to implement and evaluate them 
scientifically (Lesbarréres & Fahrig 2012; Chapter 10). 
Movement and mortality data should be collected 
before roads and mitigation structures are built and 
then after construction. Long lead-up times for research 
programmes (3-5 years) may be required because 
amphibian movements are often dependent on rainfall 
which can vary year to year and information collected 
over only one season may not adequately describe the 
annual movement patterns of the target species. 

Because metapopulation processes are critical to 
many amphibian populations (Semlitsch 2002), effec- 
tive monitoring requires surveys of populations near 
the road and in replacement habitats and also in the 
wider landscape (i.e. 100s of metres from the road). 
Surveying multiple sites over a large area and over 
multiple field seasons will cost more but is more likely 
to produce a robust assessment of the population. 
Unfortunately, it is unlikely to be achieved when road 
agencies are not mandated to fund these studies. 
Amphibian studies have used the density of roads 
within a certain distance of an amphibian monitoring 
site (e.g. 100-5000 m) to analyse the effect of roads on 
populations (e.g. Carr & Fahrig 2001; Eigenbrod et al. 
2008). This approach can be used in modelling the 
effect of a new road on amphibian metapopulations. 

Long-term (multiple generations) monitoring is 
needed as the negative impacts of roads may not 
become evident for several generations. The quality of 
habitat next to roads may decline rapidly or gradually 
over several years or more. If monitoring is conducted 
as part of a long-term research experiment, the poten- 
tial to modify and adapt the mitigation over time may 
be better informed; that is, the mitigation is guided by 
adaptive management (Chapter 10). This approach 
will also guide future designs of mitigation structures. 

Monitoring programmes that include counting 
amphibian roadkill may be misleading because the 
delicate carcasses of amphibians deteriorate rapidly 
or are quickly eaten by scavengers (Chapter 12). 
Roadkill surveys are best performed on nights in con- 
ditions where target species are likely to be moving 
and therefore prone to being killed by passing traffic 
(Mazerolle 2004). 


CONCLUSIONS 


Roads and traffic negatively affect amphibian popula- 
tions worldwide, yet we have little experience of how best 
to mitigate these impacts outside of Europe and North 
America. Lessons learned in temperate regions of the 
northern hemisphere should be experimentally tested in 
other parts of the world to evaluate their local effective- 
ness. Wildlife crossing structures are most successful 
when they are installed at locations where amphibians 
cross roads in large numbers, for example, during spring 
migration events to breeding ponds. However, many 
species (e.g. in the tropics) move along unpredictable 
pathways, and so deciding where to install crossing 
structures in these cases should be guided by research 
into their movement patterns. The population-level 
effectiveness of mitigation for amphibians can only be 
assessed using long-term monitoring performed within 
a framework of adaptive management. Regular mainte- 
nance is also essential — torn fences and blocked under- 
passes do not prevent roadkill nor facilitate connectivity. 

Considerable resources are required to effectively 
mitigate the impacts of roads on amphibians: planning 
several years before construction is essential; appropri- 
ately qualified personnel need to provide input into the 
project; rigorous monitoring takes time; and mainte- 
nance requires commitment. While these costs are 
minimal in relation to the budget of most large road 
projects, they still require justification. Road agencies 
must collaborate with appropriate experts and imple- 
ment mitigation measures for amphibians in new road 
projects and by retrofitting existing roads, because 
failure to do so will only further add to the declines in 
amphibian populations. 
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FURTHER READING 


Langton (1989): The first compilation of applied research 
into the effects of roads on amphibians and the effective- 
ness of mitigation measures. 

Lesbarréres and Fahrig (2012): A review outlining previous 
attempts at mitigating road effects on animals and suggest- 
ing ways of improving studies into the effectiveness of 
crossing structures. 
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Marsh and Trenham (2001): Reviews amphibian spatial 
dynamics and highlights the importance of maintaining 
connections between aquatic and terrestrial habitat to 
maintain amphibian populations. 

Schmidt and Zumbach (2008): Reviews methods to reduce 
road mortality in Europe since the early 1970s, suggests 
measures to evaluate the efficiency of tunnels and barrier 
walls and identifies priority areas of future research. 
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SUMMARY 


Reptiles include many important prey and predator species and are integral to healthy ecosystem function. 
Reptiles encounter roads during seasonal migrations as well as during daily activities. Some reptiles avoid 
crossing roads, and others are attracted to them. Many species are prone to population declines due to 
wildlife-vehicle collision or the barrier effects of roads. Variability in how roads affect different reptiles 
necessitates a diverse set of management and mitigation tools. Cases of management successes at seasonal 
hotspots for reptile road crossings exist, but development of best management practices and mitigation 
techniques has lagged behind those for larger terrestrial vertebrates. 
32.1 Many reptiles encounter roads when making seasonal movements, while other species are attracted 
to roads for foraging, nesting or temperature regulation. 
32.2 Most reptiles are poor at evading oncoming vehicles, and many drivers are poor at detecting or 
avoiding reptiles. 
32.3 Turtles, many snakes and some lizards have biological traits that cause their populations to be 
highly vulnerable to road mortality and barrier effects of roads. 
32.4 Because reptiles are cryptic and attract little attention, reptile population declines caused by roads 
may be frequent but infrequently detected. 
32.5 While fencing and crossing structures or periodic road closures can reduce reptile road mortality 
and maintain habitat connectivity, they rarely mitigate all barrier effects caused by road avoidance. 
32.6 Novel approaches for maintaining reptile populations include predictive models of crossing loca- 
tions for mitigation planning and management of roadside habitat to modify reptile behaviour. 

Road planners, ecological consultants and wildlife researchers should presume that roads and traffic pre- 
sent a risk to all reptile populations because the behaviour and demography of most species make them 
susceptible to road mortality and fragmentation. Some risks can be eliminated with proactive management, 
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while others may only be reduced because the road and traffic still represent a significant modification to 
habitat. Furthermore, many effects on reptiles are difficult or impossible to mitigate retroactively because 
some species will always avoid open habitats, and in many instances, proposed mitigation options will not 
currently be supported due to additional costs, logistical challenges and lack of public support. 


INTRODUCTION 


Turtles, lizards, snakes and crocodilians are major com- 
ponents of terrestrial and aquatic food webs, especially 
in warmer climates. The ecology and behaviour of rep- 
tile species is highly diverse and poorly known for many 
species, but certain generalisations are possible. Many 
reptiles undergo periodic movements to locate mates or 
nesting sites, discover new foraging grounds or return to 
a hibernation or aestivation shelter. Reptiles often move 
slowly and tend to freeze or take a defensive posture 
when they detect danger — ineffective responses for 
oncoming vehicles. Turtles, crocodilians and many 
snakes take years to reach sexual maturity but compen- 
sate by naturally high adult survivorship; therefore, 
populations are especially vulnerable to adult mortality 
from new roads or increases in traffic volume. 

Many of the world’s reptile species are in decline 
(Gibbons et al. 2000). The loss, fragmentation and deg- 
radation of habitat are the biggest drivers, but pollution, 
over-exploitation, invasive species, new pathogens and 
climate change also contribute. There is accumulating 
evidence that roads and traffic play a role in the decline 
of many populations of reptiles, often in synergy with 
other stressors. While roads are a pervasive type of habi- 
tat fragmentation, degradation and loss, they are also 
significant drivers of landscape-level habitat conversion 
and development (Chapters 2, 3, and 51). The aims of 
this chapter are to provide the biological and ecological 
basis explaining when, where and why reptiles encoun- 
ter roads and present some mitigation options to reduce 
the impacts of roads and traffic. 


LESSONS 


32.1 Many reptiles encounter roads when 
making seasonal movements, while other 
species are attracted to roads for foraging, 
nesting or temperature regulation 


Reptiles can be surprisingly wide-ranging, and the 
likelihood of them encountering a road can be high. 
For example, wetland-associated reptiles (turtles, 


crocodilians, some snakes and a few lizards) will move 
large distances between permanent and seasonal wet- 
lands. Mass movements can occur during droughts as 
wetlands dry, resulting in large numbers of reptiles 
crossing roads (Aresco 2005a; Rees et al. 2009). 
Reptiles in highly seasonal climates have a period of 
hibernation or aestivation, and many species hiber- 
nate communally in dens of tens to thousands of 
individuals. For example, spring migration from 
hibernation dens to summer habitat in Manitoba, 
Canada, resulted in the death of roughly 10,000 red- 
sided garter snakes annually on a 3km segment of 
road (Seburn & Seburn 2000). 

Some reptiles are characterised by sex-specific long- 
distance movements associated with breeding. For 
many snakes, lizards, tortoises and other terrestrial 
reptiles, it is the males that travel long distances in 
search of potential mates. Females may also migrate in 
search of appropriate sites to deposit eggs; in the 
Netherlands, a female grass snake migrated 6.1 km to 
do so (Janssen 2003). 

Road verges usually have good sun exposure, low 
vegetation, areas of bare soil and radiant heat from 
the road, making them highly attractive to reptiles 
for nesting (e.g. aquatic turtles, Steen et al. 2006; 
Fig. 32.1) and foraging sites (Daniel J. Smith, per- 
sonal observations). Some scavenging species are 
attracted to roads to feed on roadkill (e.g. Smith & 
Dodd 2003). Rock-associated reptiles may colonise 
roadsides that are ‘armoured’ with rocks, and 
wetland-associated reptiles may be attracted to road- 
side drainage swales. It is usually unclear whether 
this created habitat along roadsides results in a 
larger population of reptiles than might otherwise 
exist in the landscape or else creates an ecological 
trap, luring animals into areas where survival or 
breeding success is low. 

Reptiles actively regulate their body temperature by 
moving to thermally favourable microclimates. Road 
pavement and shoulders warm up during the day and 
radiate heat at night, and some species may be attracted 
to absorb the heat. The risk of wildlife-vehicle collision 
(WVC) and mortality WVC can be high because ani- 
mals may remain on the road for prolonged periods. 
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1 (A) Diamondback terrapin nesting on the road shoulder and (B) in a landscaped median along the causeway to the 


herder ‘sland, Jekyll Island, Georgia, United States. Source: Photographs by and reproduced with permission from B. A. Crawford. 


32.2 Most reptiles are poor at evading 
oncoming vehicles, and many drivers are 
poor at detecting or avoiding reptiles 


Many reptiles are killed on roads because they are too 
slow to avoid vehicles or are too small for drivers to see 
and avoid (Fig. 32.2). Additionally, species typically 
respond to oncoming vehicles with their primary 
defensive behaviour; species that rely on camouflage to 
avoid danger typically immobilise, while many turtle 
species tuck inside their shell. Immobilisation behav- 
iour increases the time spent on the road, thereby 
increasing an animal’s risk of mortality. This risk is not 
only from vehicles, but also from bicycles and pedestri- 
ans (Fig. 32.3). 

Negative cultural perceptions of reptiles, and 
resulting driver behaviour, strongly affect the safety 
of reptiles on roads. Deliberate killing of snakes on 
roads is common around the world, and some people 
even swerve to hit turtles (e.g. Langley et al. 1989; 
Bush et al. 1991). 


32.3 Turtles, many snakes and some lizards 
have biological traits that cause their 
populations to be highly vulnerable to road 
mortality and barrier effects of roads 


Animals that reproduce from a young age and have 
high fecundity are more resilient against losses due to 
roadkill (Chapter 28). In contrast, turtles, many snakes 
and some lizards are at greater risk of population 
decline because of their low fecundity and late age of 
reproduction. Some lizards and snakes do not reach 


re 32.2 Reptiles, in this case a slow worm, often cross 
roads, making them vulnerable to road mortality. Source: 
Photograph by R. P. J. H. Struijk. 


sexual maturity until after age 5, and some turtles may 
not begin breeding until in their mid-teens, don’t 
reproduce every year and may only lay a few eggs in 
each clutch. 

When one sex more frequently encounters roads, as 
is typically the case with movements for breeding, road 
mortality is correspondingly sex biased, and the adult sex 
ratio may become skewed (Aresco 2005b; Andrews & 
Gibbons 2008). Using a simulation approach, it was 
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Figure 32.3 Mortality of sand lizard along bike path in the Netherlands. Source: Photograph by R. P. J. H. Struijk. 


concluded that some turtle populations in eastern 
North America are likely to be in decline due to adult 
female road mortality (Gibbs & Shriver 2002). 

Many reptiles are distributed in small, localised 
populations and are less mobile than large mammals. 
Therefore, they experience a greater risk of local 
extinction and reduced chances of recolonisation 
because roads are often a barrier to movement (e.g. 
Andrews et al. 2008). Typifying this, the extinction of 
a small population of black rat snakes in Ontario, 
Canada, seems likely under current levels of road mor- 
tality, even though the number of roadkill is relatively 
small (<10 per year out of a population of 340 adults; 
Row et al. 2007). While roads may reduce the movement 
and mating success of reptiles, resulting in decreased 
genetic diversity, we don’t know how frequently this 
leads to population decline and local extinction. 


32.4 Because reptiles are cryptic and 
attract little attention, reptile population 
declines caused by roads may be frequent 
but infrequently detected 


The density of reptile populations is challenging to esti- 
mate, and changes in population size are difficult to 
detect. Most reptiles are small, cryptic and nocturnal or 
inhabit places that are difficult for humans to access. 
Furthermore, reproduction is not as detectable as it is 


for other species (e.g. amphibians), and breeding 
behaviour is unknown for even some common reptile 
species. These challenges complicate population-level 
assessments for many reptile species. However, despite 
these challenges, numerous examples of population 
declines due to roads and traffic exist. For example, turtle 
abundance was lower and adult sex ratios were male- 
biased in ponds located in areas of high road density in 
New York, United States; this sex bias was attributed to 
female road mortality during nesting (Steen & Gibbs 
2004). In Ontario, Canada, reptile species richness at 
wetlands was negatively correlated with local road 
density, and the decrease was more dramatic where 
roads have existed for decades than where roads were 
more recently constructed (Findlay & Houlahan 
1997). The density of lava lizards was reduced near a 
highway across Santa Cruz Island in the Galapagos 
Islands, Ecuador (Tanner & Perry 2007). Similarly, 
desert tortoises in the Mojave Desert of California, 
United States, also had reduced populations up to 
400m from a highway (Boarman & Sazaki 2006). 
A recent review of the response of reptile populations 
to roads and traffic found only eight published studies 
on the topic, many fewer than for amphibians, mam- 
mals or birds, and they concluded reptile populations 
typically decline near roads (Rytwinski & Fahrig 2012; 
Chapter 28). 

The decline of populations near roads may be due to 
road mortality, barrier effects, increases in human 
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disturbance (including collecting or killing reptiles), 
pollution of soils and water bodies or spread of inva- 
sive species (Andrews et al. 2015). Because these 
stressors may act synergistically, managers should 
consider multiple risks when designing mitigation for 
reptiles. 


32.5 While fencing and crossing structures 
or periodic road closures can reduce reptile 
road mortality and maintain habitat 
connectivity, they rarely mitigate all barrier 
effects caused by road avoidance 


Strategies to reduce mortality of reptiles and maintain 
connectivity include fences, wildlife crossing structures 
and periodic road closures. Fences and various types of 
crossing structures are effective at reducing reptile mor- 
tality (e.g. reviewed in Struijk (2011); Langen (2012); 
Andrews et al. 2015). Recent guides provide specifica- 
tions on fencing and crossing structures for reptiles (Tuell 
et al. 2003; Andrews et al. 2008; Clevenger & Huijser 
2011; Andrews et al. 2015; references in Chapter 59), 
although more field testing and monitoring are needed to 
thoroughly evaluate effectiveness. 

Barrier fencing installed adjacent to the road can 
effectively reduce reptile mortality by excluding ani- 
mals from the road. Unfortunately, this technique can 
be so effective that the road becomes a complete barrier, 


preventing all exchange and gene flow across the road. 
Funnel fencing used in conjunction with underpasses 
(e.g. culverts and tunnels) is the most frequent applica- 
tion. Fencing materials must be durable and withstand 
wear from severe environmental conditions and road- 
side maintenance. Fencing for reptiles has been con- 
structed of prefabricated galvanised steel, (polymer) 
concrete and silt-screen sheeting affixed to the bottom 
of existing or stand-alone fences (Fig. 20.5). The base of 
the fence should be buried for stability and to prevent 
trespass underneath the fence by burrowing animals 
and to reduce exposed gaps due to erosion (Chapter 20). 

Effectiveness is mainly influenced by the construction 
materials (durability, smoothness) and design (height, 
length, shape) along with maintenance of the fence and 
adjacent vegetation (Struijk 2010). While the use of silt- 
screening and other similar materials has demonstrated 
temporary effectiveness with reptiles, these materials 
are easily damaged and require extra maintenance, and 
should therefore not be considered for permanent use 
(Fig. 31.4, Chapters 17, 20 and 31). Additionally, these 
fences are less effective for climbing species and can 
result in entrapment of smaller species and juveniles 
who can try to crawl through finer mesh. In the 
Netherlands, fencing (and crossing structures) reduced 
reptile roadkill, until regular mowing ceased, allow- 
ing animals to climb over the fence via vegetation 
(Fig. 32.4A) (Struijk 2011). The installation of a ‘lip’ 
can prevent many smaller reptiles from crawling over 


Figure 32.4 Barrier fence for reptiles with (A) grass that needs mowing to prevent animals from climbing over and (B) a well- 
maintained and durable fence with wide base, smooth wall and overhanging lip. Source: Photographs by R. P. J. H. Struijk. 


the fence (Figs 20.4 and 32.4B). Since fences cannot 
always be continuous because of access roads or the 
expense and aesthetics of installing extended lengths of 
fencing, such fence breaks provide a way for animals to 
reach the road and be killed (Dodd et al. 2004). It is vital 
that fences are properly designed and adequately tested 
to ensure their effectiveness under different conditions. 
Various types of crossing structures are used by rep- 
tiles, and their effectiveness is influenced by structure size, 
whether it has an open (Figs. 35.2A, B) or closed 
(Fig. 31.5) top, other species-specific needs and traffic vol- 
ume. The most effective crossing structures are likely to be 


those where the habitat for the target species can 
extend across the structure, providing a continuous strip 
of cover. While underpasses are more typically used for 
small vertebrate species that are hesitant to traverse open 
areas with higher predation risk (e.g. Andrews et al. 
2015), lizard and snake species have also been observed 
on various wildlife overpasses in Europe (e.g. Teufert et al. 
2005; Puky et al. 2007; Struijk 2011). Structures that 
were not originally designed for wildlife, such as viaducts 
and storm-water culverts, can be adapted to enhance 
road crossing by reptiles by adding tree stumps (e.g. 
Fig. 32.6) and soil substrate (Struijk 2011). 


-5 Underpasses for reptiles should aim to maximise openness. (A) This underpass with grates at Drents-Friese Wold, 


Netherlands, can be installed on roads with lower traffic densities, and is used by common lizard and common European adder. 
(B) This large underpass is open in the median to allow sunlight to enter. Source: (A) Photograph by R. P. J. H. Struijk and 


(B) Photograph by and reproduced with permission from S. Jansen. 


(A) 


(A) View of the Terlet wildlife overpass above the A50 Highway, Netherlands, with a row of tree stumps that have 


been added to improve crossing rates by wildlife. (B) At least three species of lizard, including this sand lizard, and one species of 
snake have used this crossing structure. Source: Photographs by R. P. J. H. Struijk. 
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Road closures and enhanced signs have been used to 
reduce road mortality of reptiles where the rate of road 
crossing is high, localised, episodic and predictable 
(Fig. 32.7; Chapter 24). For example, a road in Illinois, 
United States, is closed for 2 months in spring and 
autumn to provide safe passage for massasauga rattle- 
snakes where it passes between overwintering and sum- 
mer habitat (Shepard et al. 2008). Road closures are 
unlikely to be practical in most instances unless there is 
a convenient, alternate route for motorists (Chapter 3). 

Habitat fragmentation and barrier effects can result 
in severe population-level impacts for reptiles that 
avoid roads and are attracted to roads but don’t cross 
or those that experience such high rates of mortality 
that gene flow is reduced. Some species may even avoid 
roads without traffic because of their aversion to the 
open road. Data on these effects on reptiles are among 
the most challenging to acquire as they must be col- 
lected at a landscape scale, and avoidance behaviour is 
difficult to detect. However, these effects likely cause 
large-scale conservation problems and are a priority 
for research and mitigation because many behavioural 
effects on reptiles cannot be mitigated after a road is 
constructed. In addition, mitigation options for reptiles 


Figure 32.7 A diamondback terrapin crossing the road at 
a hotspot along the causeway to Jekyll Island, Georgia, 
United States. Signage equipped with a flasher that activates 
at peak movement times alerts motorists to look out for 
turtles. Source: Photograph by and reproduced with 
permission from B. A. Crawford. 


that encounter roads at low densities over broad 
expanses of roadway are much more limited than for 
species with localised hotspots (see Chapter 13). 


32.6 Novel approaches for maintaining 
reptile populations include predictive models 
of crossing locations for mitigation planning 
and management of roadside habitat to 
modify reptile behaviour 


To reduce the negative impact of roads on reptiles, 
road planners need to prioritise efforts for mitigation 
at locations critical to population viability, such as 
where individuals need to cross the road or locations 
with high rates of mortality. Local knowledge may help 
pinpoint locations with high rates of WVC; however, 
most reptiles are inconspicuous, so roadkill usually 
goes unnoticed. Furthermore, for reptile species that 
are deterred by roads or road traffic, barriers to move- 
ment may not be detected because animals don’t enter 
the roadway. The combination of small carcass size 
and inconspicuous ecological impacts mean that the 
true effects of roads on reptiles is often underestimated 
and therefore overlooked in transportation planning 
and design. Road planners should contact herpetolo- 
gists about the behaviour and habitat preferences of 
reptile species of concern so that locally appropriate 
habitat management can be designed. 

A reliable way to detect critical road segments for rep- 
tiles is by using predictive hotspot models (Chapter 13; 
Langen 2010; Andrews et al. 2015). Some models use 
data on where reptiles occur, their habitat preferences or 
behaviour to predict where most animals will encounter 
roads (e.g. Beaudry et al. 2008). Others use important 
habitat features (e.g. proximity to wetlands, habitat 
type, traffic volume, proximity to nesting substrate or 
hibernacula) associated with critical road locations for 
reptiles (e.g. roadkill hotspots, blocked movement corri- 
dors) as predictors (e.g. Langen et al. 2012). Hotspot 
models are mostly useful for reptile species that encoun- 
ter roads in high numbers and at specific locations. 

Reptiles often have strong preferences for habitat fea- 
tures, avoiding some and preferentially moving through 
or inhabiting others. Although there is little published 
research on this topic, there are good reasons to 
consider vegetation and substrate management as 
options for encouraging or discouraging road crossing 
or guiding animals to passage structures. For example, 
many snakes and lizards prefer to remain close to cover 
such as logs or rocks. A strip of natural cover or vegeta- 
tion parallel to the road in the roadside verge could 
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guide reptiles from the surrounding landscape to a 
crossing structure (Fig. 39.2). Permitting growth of 
the tree canopy over a road (Fig. 40.1 A) can make the 
local microclimate cooler and more humid and thus 
more suitable for forest-living reptiles while additionally 
providing canopy connectivity for arboreal reptiles 
(Chapter 40). 

Much research is needed to field-test solutions to 
behavioural road avoidance and roadside nesting by 
turtles where fencing to keep them off the road is not 
possible. These responses to roads cannot be resolved 
through the placement of crossing structures because 
connectivity is not the issue. In addition, linear features 
offer a convenient and easy way for egg-eating preda- 
tors to depredate roadside nests, potentially resulting in 
greater losses of recruitment than that attributed solely 
to road mortality. 


CONCLUSIONS 


Many reptile species are at risk of population declines 
due to excessive road mortality or reduced habitat con- 
nectivity. However, reptiles receive less attention from 
the public and managers than other vertebrates, and 
population declines caused by roads and traffic are 
poorly documented. The magnitude of the impacts of 
roads on reptile populations is uncertain, but likely to 
be serious, especially where road densities and traffic 
volumes are high. 

There has been some recent progress towards devel- 
oping predictive models of roadkill hotspots or critical 
locations for connectivity to use as tools in locating 
mitigation measures. Road planners have had some 
successes at reducing reptile road mortality and main- 
taining habitat connectivity by using fences to funnel 
reptiles towards crossing structures. Vegetation and 
substrate management along verges may also serve to 
guide animals to crossing structures. Nevertheless, 
there remains much to be done to identify populations 
at risk of decline caused by roads, and towards imple- 
menting management and mitigation practices that 
prevent or reverse such declines. 

Some road effects, such as behavioural avoidance 
of open spaces, cannot be mitigated as long as the 
road is in place and habitat is disrupted. While many 
road effects can be mitigated and reduced, others are 
permanent consequences and should be proactively 
considered prior to construction. For some species, 
effective mitigation is unlikely, and we should avoid 
building roads near populations of these sensitive 
species. 
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FURTHER READING 


Andrews et al. (2015): A recently published book that focuses 
on the effects of roads and traffic on small animals and the 
latest information on effective mitigation options, with a 
primarily North American focus. 

Clevenger and Huijser (2011): A manual identifying road and 
mitigation design features and specifications for wildlife, 
including for reptiles and other small-animal groups. 

Graeter et al. (2013): A manual with survey techniques for 
reptiles and habitats that could direct priority species and 
techniques for road assessments. 

McDiarmid et al. (2012): A book that presents techniques for 
capturing and marking reptiles and analysis for population 
assessments. 

SETRA (2005): A manual outlining crossing structure types 
and design specifications for small-animal groups, including 
reptiles. Available for free download in French and English. 
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SUMMARY 


Roads and traffic are typically more of a threat to the conservation of birds rather than a safety issue for 
motorists. Some bird species have biological features and life history traits that make them particularly vul- 
nerable to habitat loss from roads and mortality due to wildlife-vehicle collisions (WVC). Road planning that 
proactively considers the biological needs of birds will help avoid project delays and extra costs for mitiga- 
tion, as well as achieve positive outcomes for birds. Several strategies effectively avoid or mitigate the negative 
effects of roads on birds. 

33.1 Roads can adversely affect birds despite the common assumption that birds avoid mortality and 
barrier effects because they can fly. 

33.2 Wildlife-vehicle collisions kill millions of birds annually. 

33.3 Planning the timing and location of road construction and maintenance is crucial for the survival 
and conservation of birds. 

33.4 Flight diverters may reduce the likelihood of vehicle collisions with birds. 

33.5 Wildlife crossing structures can decrease the barrier effect. 

33.6 Structural changes along roads can reduce noise impacts. 

33.7 Roadsides should be managed to make them less attractive to birds. 

Implementing design features that separate birds from traffic, reducing resources that attract birds to 
the roadway and minimising disruptive light and noise emanating from the roadway are the main mitiga- 
tion measures for birds. However, more research is needed to quantify the various effects of roads and the 
cumulative effect of road networks on birds and, perhaps more critically, to explore ways to prioritise and 
effectively mitigate the most negative impacts. 
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INTRODUCTION 


Human activities have caused hundreds of bird species 
to go extinct over the past five millennia (Pimm et al. 
2006). Extinction risk is related to a suite of factors, 
the dominant ones being susceptibility to persecution, 
introduced predators and habitat loss. In the last three 
to four decades, the massive and expanding surface 
transportation network has become a new threat to 
many avian populations globally through habitat loss 
and direct mortality (Chapter 28). Fortunately, not all 
taxa are vulnerable to the effects of roads, and many of 
the responses are related to species-specific traits. Some 
basic themes apply for avoiding, minimising and miti- 
gating impacts to birds when constructing a new road 
or when responding to a problem on an existing road. 
The aims of this chapter are to summarise the adverse 
effects caused by roads and traffic on bird populations 
and to suggest potential solutions. 


LESSONS 


33.1 Roads can adversely affect birds 
despite the common assumption that birds 
avoid mortality and barrier effects because 
they can fly 


Birds are typically perceived as being able to avoid road 
impacts by flying away or flying higher than traffic. 
Innovative measures for reducing road impacts on 
birds have lagged behind those of other animal groups. 
This is probably because the problem is not fully under- 
stood nor considered a priority and perhaps also 
because, in the case of birds, mitigation is not always as 
conventional as providing standard measures, such as 
an underpass or a fence. Compared to the size of vehi- 
cles, birds are small and bird—vehicle collisions are not 
typically a safety concern for humans. There are excep- 
tions, such as large birds of prey feeding on roadkilled 
carcasses which are unable to take off quickly enough 
to avoid collision. Road impacts to birds are species spe- 
cific, so it is important to know which species occur 
near a road or proposed road to determine the impacts 
and appropriate mitigation measures. 

Birds can avoid some impacts by flying above or away 
from vehicles. However, not all impacts can be readily 
avoided. Clearing of vegetation for road construction 
results in habitat loss and creates open areas that may 
fragment populations of forest-dwelling species (Reijnen 
et al. 1995). Roads may attract open-country or light- 
demanding species while causing other birds to avoid the 
area altogether (Benitez-Lopez et al. 2010). Since birds 


rely heavily on acoustic communication, traffic noise is 
suspected to have a widespread indirect impact on many 
birds by reducing habitat use and, therefore, population 
size (Reijnen et al. 1995; Palomino & Carrascal 2007; 
McClure et al. 2013; Chapter 19; but see Summers et al. 
2011). Kociolek et al. (2011) lists the negative effects of 
human-caused noise on avian community structure, 
breeding cycles, foraging, communication and brain 
response. Noise impacts to birds depend on the frequency 
and amplitude of the noise and of their species-specific 
calls and songs. While some bird species move away from 
noisy roads, several species are attracted to roadside 
verges with consequent high mortality rates due to WVC. 
Studies have shown that bird species with relatively high 
reproductive rates, high flight, small home range sizes 
and small body size are typically less vulnerable to road 
impacts (Rytwinski & Fahrig 2012; Chapter 28). 


33.2 Wildlife-vehicle collisions kill millions 
of birds annually 


WVC are estimated to kill 80 million birds annually in the 
United States, but true numbers may be an order of magni- 
tude higher (Erickson et al. 2005). Species at high risk of 
WVC include those that hunt prey adjacent to roads (e.g. 
owls; Boves & Belthoff 2012, Fig. 33.1), scavenge road- 
killed carcasses (e.g. corvids, raptors), roost near roads (e.g. 
passerines) (Fig. 33.2), forage in roadside ditches or drain- 
age retention ponds (e.g. wading birds) or nest near roads 
(e.g. some species of ground-dwelling birds). Grassland 
birds and waterfowl nesting in verges are vulnerable to 
WVC and to mowing practices that can directly kill eggs, 
fledglings and adults attending nests. Other factors may 
make birds particularly vulnerable to traffic. The typically 
low-flight behaviour of owls increases the risk of WVC 
(Fig. 33.1; Grilo et al. 2012), and the turbulence from pass- 
ing vehicles can break bones and kill fragile birds (Orlowski 
& Seimbieda 2005). Vehicle headlights can also stun noc- 
turnal species, leaving them vulnerable to WVC (Rich & 
Longcore 2006; Chapter 18). Moreover, lights can affect 
avian patterns of breeding, nestling maturation, singing 
and moulting (Molenaar et al. 2006). Artificial lighting 
can also mimic features of the night sky and attract migrat- 
ing birds, increasing the likelihood of collision with struc- 
tures (e.g. bridges, utility poles) (Chapter 18). Confusion 
from artificial lighting can increase flight time and deplete 
energy stores, thereby reducing body condition and mak- 
ing it more difficult to evade predators. 

Birds are often attracted to the road and roadsides 
by fruit- and seed-bearing plants (Chapter 46), gran- 
ular de-icing agents and roadway lighting. Vegetated 
medians enhance aesthetics and driver safety but 
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Figure 33.1 A little owl carcass on a national road in Portugal. Source: Photograph by and reproduced with permission from 


Joaquim Pedro Ferreira. 
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Figure 33.2 A Bullock's oriole carcass on a state highway in Idaho, United States. Source: A. Kociolek, Western 


Transportation Institute-Montana State University. 


may increase the collision risk to birds because nutri- 
ent-rich food resources attract birds and their preda- 
tors. Equally, mineral-rich de-icing salts increase 
collision risk because birds congregate on the road to 
ingest the salt to satisfy mineral deficiencies or to aid 
in grinding food. Ingesting road salt may also result in 
toxicity or death (Mineau & Brownlee 2005). 


Road verges and medians of divided highways often 
have clear zones with mown grass or low vegetation to 
improve visibility and to provide space for drivers to 
recover if they lose control of their vehicles. These 
cleared areas may provide habitat and are often attrac- 
tive to certain birds and other animals, typically includ- 
ing species that prefer edges. For example, hawks and 
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owls may hunt small mammals living in verges but in so 
doing increase their risk of WVC (Chapters 39 and 46). 


33.3 Planning the timing and location 
of road construction and maintenance 
is crucial for the survival and 
conservation of birds 


Birds are more vulnerable to disturbance at certain 
times of the year, such as during the breeding season 
when birds stake out their territories and young fledge 
and disperse. Migration periods are similarly impor- 
tant, when stopover habitats, which may be used only 
briefly, provide critical food resources for migrating 
species. It is important to avoid scheduling construc- 
tion or maintenance activities during these times that 
may create visual threats, noise and dust and can harm 
or kill. Many species of ground nesting birds are 
affected by repeated disturbance, causing them to 
abandon their nests with eggs or young, and they are 
also at risk of being run over. Mowing costs can be 
reduced by modifying schedules to be less frequent or 
occur after the breeding season to protect nesting birds. 
Identifying and protecting important habitat features 
can minimise the cumulative impact of WVC on birds. 
In general, the frequency of WVC with birds tends to be 
higher near waterbodies and watercourses (Erritzoe et 
al. 2003) because many bird species depend on these 
resources and are found in higher densities near water. 
Therefore, it is good practice to avoid planning new 
roads or widening existing roads near streams, rivers, 
lakes and bays, especially because there are few options 
to mitigate for WVC in these important habitats 
(Chapter 44). It is also important to avoid locating new 
roads or upgrading existing roads near other important 
habitat features (e.g. preferred roosting and nesting 
sites such as cliff walls or large old trees with hollows). 


33.4 Flight diverters may reduce the 
likelihood of vehicle collisions with birds 


Mitigation measures to reduce WVC with birds are not 
as widely developed or deployed as for larger animals, 
and research is needed to further develop effective 
approaches. Generally, mitigation measures to reduce 
WVC with ground birds will be similar to mitigation 
measures for larger, ground-based mammals, whereas 
measures to reduce mortality for flying birds will be 
similar to measures for bats (Chapter 34) and butter- 
flies. Nevertheless, it is essential to consider the 


movement patterns of birds and their sensitivity to 
noise and light when designing roads. 

Structural elements can encourage birds to fly above 
traffic or below the road through bridges or culverts. 
Flight diversion works best for species with direct, rapid 
flight rather than for those species with slower or mean- 
dering flight. Poles that produce an illusion of a solid 
barrier were effective in reducing bird roadkill in open 
coastal areas for royal terns and brown pelicans (Bard 
et al. 2002), and the concept would probably work in 
similar locations such as marshlands (Lesson 20.3). 
Flags or wider posts may also be effective. Fencing 
aimed at keeping large mammals off the road can serve 
as flight diverters for birds but can cause large, less 
manoeuvrable birds such as sage-grouse and Gambel’s 
quail to die in fence collisions (Stevens 2011); flagging 
of the fence to increase visibility may help some species, 
but this needs to be tested (Fig. 20.2). No mitigation 
measures have been devised for species with low or 
erratic flight patterns, such as barn swallows, which 
are common roadkill casualties (Erritzoe et al. 2003). 

Roads with soil berms that are higher than the road 
grade may encourage birds to fly up and over the road 
and traffic (Pons 2000; Grilo et al. 2012). Solid walls (e.g. 
Fig. 33.3) may also encourage birds to fly up and over the 
road and traffic, but further testing is required before it 
can be recommended as an effective approach. 
Importantly, the installation of these walls may result in 
bird-wall collisions, can increase the barrier effect for 
many other species of wildlife and can be aesthetically 
inappropriate in natural areas. (Pons 2000; Grilo et al. 
2012). Similarly, tall trees next to the road may encour- 
age higher flight for canopy-dwelling birds (e.g. Rosell & 
Velasco 2001) but may also increase the risk to species 
that live and fly closer to the ground in woody vegetation. 
Thus, consider adding fencing or walls on bridges 
adjacent to tall vegetation to encourage birds and bats to 
fly above traffic or under the bridge (Fig. 33.4). These 
walls may also double as sound and light walls, reducing 
penetration into adjacent areas (Figs 33.3 and 33.4). 

Reducing the volume or speed of traffic will lessen 
impacts but are often logistically difficult to implement. 
Focusing traffic onto fewer high-volume roads rather 
than distributing vehicles over many roads is a strategic 
approach to conserve roadless or low-traffic areas 
(Jaarsma & Willems 2002; Chapter 3). This approach 
may require the closure of some roads and the upgrad- 
ing or improvement of others. Lowering traffic speed 
may be warranted in places where population viability is 
a concern for at-risk species, such as ground-dwelling 
or nocturnal birds. Speed control is sometimes difficult 
to implement even for human safety reasons, but is 
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Figure 33.3 The elevated road plus 3—4 m tall solid walls along Peninsula Link in Victoria, Australia, may force some birds to 
fly up and over the traffic, avoiding WVC. However, the efficacy of this approach has not been evaluated, and this road and walls 
may be a barrier to movement for some species. Source: Photograph by Rodney van der Ree. 


Figure 33.4 Fencing and walls on bridges can force birds to fly below the bridge or above the walls, hopefully avoiding traffic. 
In this example, in Australia, the coloured glass panels also act as sound and light walls. Walls of clear glass should be avoided to 
reduce the risk of bird-wall collision. Source: Photograph by Rodney van der Ree. 


increasingly being adopted within protected areas (e.g. 
Jones 2000). Although some birds can reduce collision 
risk by adjusting their flight distances in response to 
vehicle speed (Legagneux & Ducatez 2013), there has 
been no systematic investigation of appropriate speeds 
to reduce WVC with birds of differing levels of mobility. 


33.5 Wildlife crossing structures can 
decrease the barrier effect 


Although most birds are physically capable of flying 
over roads, species vary in their willingness to cross 
roads. For example, some forest-dwelling species are 
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unlikely to cross gaps in forest cover greater than 50m 
(Desrochers & Hannon 1997). Although typically 
designed for mammals, reptiles and amphibians, birds 
also benefit from wildlife overpasses and underpasses. 
Some bird species prefer to cross at these locations 
rather than over traffic (e.g. Jones & Bond 2010). 
Waterfowl have been recorded using drainage culverts 
as small as one metre in diameter across a four-lane 
highway (S. Jacobson, personal observations), 
although larger structures would likely service more 
species. In general, larger drainage structures that 
allow for natural streamflow are most desirable for 
more wildlife species (e.g. Fig. 45.4). Many species of 
birds have been recorded using underpasses, especially 
larger-diameter structures with streams (Foster & 
Humphrey 1995). Some ground-dwelling species such 
as quail and wild turkey may incorporate these struc- 
tures into their traditional pathways if located appro- 
priately (Smith & Noss 2011). Open-span bridges 
(Figs 21.1A, 33.4, 44.6 and 45.4) are likely to have 
higher rates of use by birds than enclosed culverts 
because they are more open and may be perceived as 
safer because birds tend to fly upwards when in danger. 
As with other species, crossing structures with more 
natural features are likely to be more acceptable to 
birds. There are currently no well-tested guidelines on 
designs or recommended dimensions of crossing struc- 
tures for birds. 

Some bridge and underpass structures provide nest- 
ing and roosting habitat for birds as diverse as pere- 
grine falcons, guillemots, pigeons and swallows. Some 
artificial structures may have a net positive population 


(A) 


effect for certain species that appear to avoid traffic by 
nesting on ledges above or below the bridge deck, 
although further research is required to confirm this 
for the wide range of species that use bridges (Fig. 33.5). 
Bridges can be difficult to maintain without disturbing 
nesting or roosting birds if maintenance is conducted 
at the same time that birds are nesting (Lesson 33.3). 
Some states in the United States have detailed mainte- 
nance plans to minimise this type of disturbance 
(Carey 2007). 


33.6 Structural changes along roads can 
reduce noise impacts 


Traffic noise can explain some declines in bird abun- 
dance (McClure et al. 2013). Several strategies can 
reduce road and vehicle noise (Chapter 19) so that 
birds can better utilise habitat adjacent to roads. That 
said, reducing the mortality of birds by minimising the 
attractiveness of roads and roadsides and forcing them 
to fly above traffic is also important to maintain bird 
populations (Summers et al. 2011). Reductions in 
noise levels can improve habitat use by birds as well as 
being appreciated by humans; and noise-absorbing 
road surfaces and modifying tyre designs may be the 
least expensive options. Solid wall sound barriers 
(Figs 33.3 and 33.4) can moderate noise, but it is 
important to ensure the design does not create a more 
significant barrier to wildlife movement or increase 
mortality through direct collision. Any structure that 
is not easily detectable, such as clear glass or certain 


Figure 33.5 Ospreys frequently nest on bridge structures across rivers in northern coastal New South Wales, Australia (A), 
posing a traffic hazard and mortality risk to the birds. To alleviate this, artificial nesting platforms were erected at the highest 
point of bridges but suspended above the river (B). It soon became apparent that nesting by a threatened bird species could 
prevent maintenance during the breeding season, and nesting platforms are now erected on poles away from the bridge (C). 
Ospreys have successfully nested on many of these platforms and fledged young, allowing routine bridge maintenance to occur 
year-round. Source: Photographs by Kate Dallimore, Roads and Maritime Services, New South Wales. 
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types of netting that birds or bats collide with, should 
be avoided. Vegetation can absorb sound in direct pro- 
portion to its density, and dense plantings can reduce 
noise penetration. However, planting vegetation that is 
attractive to birds should be avoided as it may increase 
mortality rates. In contrast to Figs. 33.3 and 33.4 
which show elevated roads, constructing the highway 
below grade or adding berms above grade can reduce 
sound travelling to adjacent habitats and provide some 
protection from WVC since birds may tend to fly higher 
over traffic. Long-term policy solutions include regula- 
tions for quieter vehicles, such as electric vehicles, and 
more effective mufflers. However, further research will 
be required to determine if the rate of WVC increases 
as vehicles become quieter potentially making it more 
difficult for birds to detect oncoming vehicles. 


33.7 Roadsides should be managed to 
make them less attractive to birds 


The best practice of bird conservation along roads is 
to avoid attracting birds to the road or roadside from 
the earliest planning stages. Roadsides and medians 
can be less of an attractant to birds if plant species that 
provide resources (e.g. food and nesting opportuni- 
ties) are avoided. The attractiveness of the road and 
verge can be reduced by modifying the maintenance 
programme. Regularly mowing verges can reduce 
the attraction for some species and can be seasonally 
timed to avoid destroying nests. Under certain condi- 
tions (such as localised mortality hotspots of at-risk 
or high-profile species), it may be appropriate to 
reduce the attractiveness of the verge by converting it 
to gravel or other non-vegetative surface. Road sands 
and salts used as de-icing agents can be reduced 
through the use of ice-detecting technology or by 
using alternatives that are less attractive to birds 
(Lesson 33.2). Roadkilled carcasses, especially of 
larger-bodied animals that provide large quantities 
of food, should be promptly removed to avoid attract- 
ing scavenging birds. Artificial lighting should be 
avoided and reflective posts or reflectors embedded in 
the road surface are a low-cost alternative to identify 
road edges. Where lighting is required, use colours 
and designs that are less attractive for wildlife (e.g. 
blue/green lighting may be less attractive to noctur- 
nally migrating birds; Poot et al. 2008; Chapter 18). 
Roadsides have multiple values and uses, and 
proposed management actions should be assessed 
against their potential impacts for other species 
and uses. 


CONCLUSION 


Every participant in road planning, construction and 
management can contribute to building a more sus- 
tainable road network and accounting for the biologi- 
cal needs of birds. Annually, hundreds of millions of 
birds die on roads globally; one way to reduce this loss 
is to separate birds from roads and traffic. Avoiding 
areas with high bird densities or rare and threatened 
species is the optimal approach to solving this problem. 
Strategically placed infrastructure, such as overpasses 
or flight diverters that encourage birds to fly higher 
than traffic or under bridges, provides opportunities for 
birds to safely traverse roads. Reducing resources that 
attract birds to the roadway is important to reduce col- 
lisions with foraging or nesting birds. Since artificial 
lighting and road noise can disturb birds well beyond 
the roadway, limiting their penetration can have posi- 
tive benefits for birds as well as humans. More research 
is needed to quantify the various effects of road net- 
works on birds (Guinard et al. 2012) and, perhaps 
more critically, to explore ways to prioritise and effec- 
tively mitigate the most negative impacts. 
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FURTHER READING 


Bujoczek et al. (2011): A study from Poland that compared 
body condition of birds killed by predators with birds killed 
by vehicle collision; roadkilled birds were in significantly 
better condition than those killed by raptors. 

Fahrig and Rytwinski (2009): A review of the literature on 
the effects of roads and traffic on animal abundance and 
distribution revealing that birds showed mainly negative or 
no effects, with a few positive effects for some small birds 
and for vultures. 

Jacobson (2005): A report outlining solutions to mitigate the 
negative effects of roads on birds, including crossing struc- 
tures, flight diverters, modified mowing regimes, roadkill 
removal, appropriate median vegetation and modified de- 
icing agents. 

Orlowski (2008): This paper shows that a disproportionately 
high mortality of birds was recorded near tree belts, hedge- 
rows and built-up areas, while it was much lower in open 
farmland. 
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Parris and Schneider (2008): A study showing traffic noise 
hampered detection of song by conspecifics, making it more 
difficult for birds to establish and maintain territories and 
attract mates and possibly leading to reduced breeding 
success. 
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SUMMARY 


Bats are long-lived mammals with low reproductive rates, making them susceptible to developments that 
reduce reproductive output or increase mortality. Roads destroy, degrade and fragment habitats, reducing 
the ability of bats to roost, feed and reproduce. Current mitigation techniques have not been proven to be 
effective at conserving bats at the population level. 
34.1 Road effects vary among species depending on flight style and habitat use, but many species are 
affected. 
34.2 Roads can act as barriers to the movement of bats, and many species suffer traffic mortality 
attempting to cross roads. 
34.3 Artificial light deters some bat species while attracting others, and a policy of ‘no lighting’ is rec- 
ommended for bats. 
34.4 Traffic noise may reduce the flight activity and foraging efficiency of bats. 
34.5 Protection of roosts and foraging sites during and after roadworks is critical to bat survival. 
34.6 Underpasses can effectively reduce the barrier effect and reduce the number of roadkills for some 
bat species. 
34.7 Other attempts to reduce the barrier and mortality effects for bats are unproven, and further 
research is required before widespread implementation. 

It is important to conduct thorough pre-construction bat surveys and bring objectivity and rigour into the 
design and testing of mitigation features. 
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INTRODUCTION 


The world’s 1250+ species of bats represent more than 
a fifth of all known mammal species. They are the only 
mammals capable of powered flight, and this has 
allowed them to evolve into arguably the most ecologi- 
cally diverse group of mammals (Fig. 34.1). 
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Bats perform vital ecological roles such as con- 
trol of insect populations, pollination, seed dispersal 
and nutrient redistribution. Most species are small 
insect eaters that find their food using echolocation 
(insectivorous bats), and nearly all other species are 
larger fruit bats (e.g. flying foxes) which rely on good 
night vision to navigate and find food. Lastly, a small 


Figure 34.1 Bat diversity. Clockwise from top left: Brazilian free-tailed bats emerging from a cave roost. Roosting straw- 
coloured fruit bats. Hoary bat, a fast, open-air forager. Nectar-feeding lesser long-nosed bat at the flowers of a saguaro cactus. 
Tent-making white bats, small fruit eaters. Gleaning pallid bat with large centipede. Source: Photographs © Merlin D. Tuttle, Bat 
Conservation International, www.batcon.org. Reproduced with permission. 
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number of species eat frogs, lizards, fish, blood, birds 
or other mammals. 

Bats are remarkably long-lived for their small size 
(10-20 years is not unusual) and have low reproduc- 
tive rates, with females usually producing only one 
pup per year. Thus, bats cannot easily rebound from 
population crashes. Unfortunately, bat populations 
have declined dramatically due to the unrelenting pres- 
sures placed on their environment by human activities. 
In particular, forest destruction, intensification of 
agriculture, urban development and infrastructure 
construction and operation all destroy and degrade 
roosting and feeding resources and fragment habitat. 
Furthermore, a recently introduced fungal disease, 
white-nose syndrome, is currently devastating bat 
populations in North America. 

Roads impact bats through roadkill, roost and 
habitat destruction, fragmentation of habitats when 
roads act as barriers to movement, and light, noise 
and perhaps other pollutants. The legal protection of 
bats in Europe and North America has led to enforced 
efforts to mitigate the impacts of roads. However, 
bats remain unprotected in many other parts of the 
world, including those with the greatest bat diver- 
sity, such as the tropics and developing countries 
(Chapter 49). 

In the absence of published studies on the effects of 
roads on fruit bats and other tropical species, this chap- 
ter relies on studies of small, insectivorous species from 
temperate regions. Nevertheless, the aims of this chap- 
ter are to explain how roads threaten the survival of 
bats, describe and evaluate current mitigation practice, 
outline knowledge gaps and make recommendations 
for management and research. 


LESSONS 


34.1 Road effects vary among species 
depending on flight style and habitat use, 
but many species are affected 


Colonies of most bat species make use of several roosts 
and exploit numerous dispersed feeding sites on a 
nightly basis. Roads potentially restrict bats’ movements 
among these sites due to light and noise disturbance, 
traffic mortality and the reluctance of some species to 
fly over open ground. 

Body size and wing shape, feeding ecology and the 
structure of echolocation calls determine how bats fly 
and use the landscape. Therefore, susceptibility to road 
effects varies among species. Larger, fast-flying species, 


adapted to foraging in the open, are probably less 
affected by roads, as they expend less energy over long 
distance flights and often fly high above the ground. 
Smaller, forest-adapted species are more manoeuvrable 
but less efficient flyers. They are more reluctant to 
fly out in the open and tend to commute along land- 
scape features such as treelines, waterways and forest 
edges. These features provide protection from weather 
and predators, are sources of insect prey and pro- 
vide conspicuous acoustic and visual landmarks for 
orientation. 

The main patterns of flight and habitat use of insec- 
tivorous bats are shown in Figure 34.2. Larger fruit 
bats usually fly high above roads and are unlikely to be 
significantly affected, unless their daytime roosts or 
food resources are adjacent to or in the path of a 
new road. Smaller fruit bats frequently fly lower to the 
ground and closer to the cover of vegetation. It is 
unfortunate that the species most likely to be affected 
by roads, the small, slow-flying, forest-adapted bats, 
are also generally those that have already suffered 
most from human activity and many are locally or 
globally threatened with extinction. 


34.2 Roads can act as barriers to the 
movement of bats, and many species suffer 
traffic mortality attempting to cross roads 


Major roads can act as barriers to bat movement. For 
example, a busy motorway in Germany severed the 
habitat of two threatened woodland species but had 
much stronger barrier effects on the less mobile, more 
forest-adapted species (Bechstein’s bat) by reducing 
home range and reproductive success (Kerth & Melber 
2009). Likewise, bat activity and species diversity 
(determined from echolocation call recordings) declined 
with proximity to a 40-year-old, 6-lane motorway 
(30-40,000 vehicles per day) in England (Berthinussen 
& Altringham 2012a). The most likely cause was long- 
term barrier or mortality effects driving colonies away 
from the road. 

Even small gaps (<5 m) in tree or shrub cover along 
flight routes may interrupt bat commuting move- 
ments (Bennett & Zurcher 2013). Bats, including low- 
flying species, attempt road crossings where flight 
routes along hedgerows have been bisected by wide 
motorway gaps of >50 m (Abbott et al. 2013a). 
However, the rate of bat crossings decreases with 
increasing distance between hedgerows, indicating 
that the wider the gap, the greater the barrier effect 
(Abbott 2012). 
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Figure 34.2 Contrasting flight styles and habitat use by open-adapted, edge-adapted and clutter-adapted insectivorous bats 
influence their interaction with road infrastructure and traffic. Source: Drawn by and reproduced with permission of Tom McOwat. 


Bats that do not abandon road-severed flight routes 
risk collision with vehicles. Indeed, hotspots for mor- 
tality are found where flyways intersect with roads, as 
evidenced by studies in Europe (Lesiriski et al. 2010; 
Medinas et al. 2013) and North America (Russell et al. 
2009). 

Although road mortality rates and their effects on 
bat populations are not yet known, even conservative 
estimates of mortality by Altringham (2008) and 
Russell et al. (2009) suggest they are high enough to 
lead to population decline over the long term. Bat 
carcasses are difficult to find because they are small, 
get thrown into roadside vegetation upon collision 
and persist on roads for a very short time (<1 day) 
due to scavenging or disintegration (Santos et al. 
2011; Chapter 12). Thus, road mortality studies 
under-record true rates of mortality. Nonetheless, 
most bat species in Europe have been documented as 
roadkill (Lesifiski et al. 2010; Medinas et al. 2013). 
Mortality rates due to wildlife-vehicle collision (WVC) 
are highest near roosts and active foraging habitats 
(Medinas et al. 2013). Forest-adapted species are 


likely to have the highest risk of mortality due to 
their characteristic low and slow flight. The effects of 
traffic speed, traffic volume, road width and height, 
adjacent habitat and vegetation height on rates of 
bat roadkill remain major knowledge gaps. 


34.3 Artificial light deters some bat species 
while attracting others, and a policy of ‘no 
lighting’ is recommended for bats 


Artificial light affects the foraging, breeding, social and 
spatial behaviour of bats, their insect prey and other 
wildlife (Chapter 18). Slow- and low-flying bat species 
are generally deterred by light, while faster-flying bats 
often exploit insects attracted to lights (Rydell 1992; 
Chapter 29). Bats attracted to forage around street 
lights may be vulnerable to WVC (Lesiriski et al. 2010). 
Lighting may also exacerbate the barrier effect of roads 
for some species. 

Street lighting, both high-pressure sodium and 
white LED, deters forest-adapted species from their 
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traditional flight paths, even at low light intensity 
(Stone et al. 2009, 2012; Lesson 18.3). Any attempts 
to use light to purposely deflect bats away from a dan- 
gerous flight route towards an intended crossing point 
need to be tested for effectiveness well in advance of 
road construction. Such attempts have not yet been 
proven to work and may have negative impacts on other 
wildlife. However, directing lighting towards the road 
surface and minimising light spill into the surround- 
ings can reduce the potential for disturbance of roosts, 
flight routes and feeding sites. Restricting lighting in 
crossing structures designed for co-use by humans will 
maximise their use by bats (Chapter 22). Light spill at 
river crossings should always be avoided, as these are 
particularly important foraging areas and commuting 
routes for bats (Abbott et al. 2012a). 


34.4 Traffic noise may reduce the flight 
activity and foraging efficiency of bats 


Traffic noise can interfere with bat echolocation and 
hearing. Many insectivorous bats rely on hearing 
echoes returning from their ultrasonic calls to orien- 
tate, communicate and detect prey. Others may hunt 
silently, pinpointing their target by listening for the 
rustling or mating sounds of prey (passive listening). 
During indoor flight room experiments, simulated traf- 
fic noise reduced the feeding efficiency of the greater 
mouse-eared bat, which typically hunts for ground- 
running insects by listening for prey-generated sounds 
(Siemers & Schaub 2011). It is likely that habitats adja- 
cent to noisy roads would therefore be unattractive as 
feeding areas for species that use passive listening. 

Vehicle noise also exacerbates the barrier effect, and 
bats are less likely to fly across a road as traffic noise 
increases (Bennett & Zurcher 2013). Many bat species 
advertise for mates acoustically and their breeding suc- 
cess is probably also reduced around noisy roads. 
Currently, there are no published field studies that have 
assessed the effect of traffic noise on bat diversity, 
abundance or reproductive success (cf birds and frogs 
in Chapter 19). 


34.5 Protection of roosts and foraging sites 
during and after roadworks is critical to bat 
survival 


By day, bats shelter primarily in roosts in trees, build- 
ings and caves. They may roost singly or form congre- 
gations of tens to many thousands. A variety of roost 


types may be critical to survival and reproduction, 
with different conditions suited to different life cycle 
phases, and great distances may separate the roosts 
used by individuals of the same colony. Many bat spe- 
cies are limited by availability of suitable roost sites 
and return to the same roosts again and again over 
many years and generations. This means that roost 
destruction and habitat fragmentation can have a 
profound effect on local bat populations if alternative 
sites are not available or not found by the bats (Kerth & 
Melber 2009). 

The priority is therefore to avoid roost destruction or 
disturbance, placing emphasis on pre-construction bat 
surveys to locate roosts and the associated flyways and 
feeding sites. Roosting places, especially in forests, are 
not always obvious, so bat surveys must be thorough 
(see Hundt 2012 for survey guidelines). Roosts also 
require protection from artificial light spill, which can 
cause delayed emergence or even roost abandonment. 
If roosts are destroyed, replacement roosts can be built, 
but there is a lack of evidence of the effectiveness of 
such roosts in mitigating impacts on long-term sur- 
vival and breeding success (Stone et al. 2013; 
Berthinussen et al. 2014). Modern bridge and culvert 
structures often lack crevices suitable for roosting, and 
we encourage road engineers to actively incorporate 
bat-friendly roosting spaces into new structures where 
there is unlikely to be a risk of collision mortality. 
Brazilian free-tailed bats make extensive use of the 
expansion joints of modern bridges in the United States 
(Fig. 34.3). These roosts appear to be as suitable as 
natural roosts in caves (Allen et al. 2011). See Section 
‘Further Reading’ for resources relating to protection 
and creation of bat roosts. 


34.6 Underpasses can effectively reduce 
the barrier effect and reduce the number of 
roadkills for some bat species 


Many studies show that a wide range of bat species use 
underpasses (Fig. 34.4) to cross beneath roads (e.g. 
Bach et al. 2004; Kerth & Melber 2009; Boonman 
2011; Abbott et al. 2012a). However, occasional use 
by an unknown proportion of bats does not guarantee 
either habitat accessibility or safe crossing routes for 
the bat population or community as a whole. For exam- 
ple, despite the existence of three traffic underpasses 
along 5km of motorway that bisected a forest, 
Bechstein’s bat, a woodland species with small home 
ranges, rarely used them and lost access to important 
roosting and feeding habitat (Kerth & Melber 2009). 
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Figure 3 Hundreds of people gather to watch the spectacular emergence of Brazilian free-tailed bats from a bridge roost 
in Austin, Texas. Source: Photograph © Merlin D. Tuttle, Bat Conservation International, www.batcon.org. Reproduced with 


permission. 


Figure 34.4 Bat-friendly underpasses (top row of images) are spacious and connected with flight paths along streams, 
woodland lanes or hedgerows. Underpasses that are too small, blocked with vegetation or grilles, situated in open ground, wide 
but too low, flood prone or disturbed by lighting (e.g. bottom row of images) are much less beneficial to bats. Source: (top left, top 
right, bottom left, bottom middle, bottom right) Photographs by Isobel Abbott; and (top middle) Photograph by Markus Melber. 


Approximately, a third of road crossings by another 
threatened woodland species, the lesser horseshoe bat, 
were directly over a motorway (Isobel Abbott, unpub- 
lished data), despite its regular use of three under- 
passes along a 1km stretch (Abbott et al. 2012b). It 
cannot be taken for granted that the reluctance of 
forest-adapted bats to fly in the open means that they 
will take detours to use underpasses. Some individuals 
will make detours (e.g. Kerth & Melber 2009; and ref- 
erences cited in Bach et al. (2004)), but there is little 
evidence that this is the norm, and many bat species 
appear reluctant to deviate from their original flight 
paths after road severance (Kerth & Melber 2009; 
Abbott 2012; Berthinussen & Altringham 2012b). 
When a road cuts through a dense network of flight 
routes, many closely spaced underpasses may be 
required to provide the population as a whole with safe 
crossing points. Efforts to reroute bat flight paths, for 
example, by planting new hedgerows towards under- 
passes, should be undertaken well in advance of habi- 
tat clearance and tested for effectiveness before road 
opening. Bats have not yet been effectively diverted to 
underpasses using revegetation in some UK trials 
(Berthinussen & Altringham 2012b). 

Connectivity to the surrounding landscape, the pres- 
ence of water courses and increased size of underpasses 
are all factors that encourage underpass use (Boonman 
2011; Abbott 2012). In general, underpasses should be 
located on pre-construction flight routes and sized so 
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»», Edge-adapted bat: 
Some fly over risking collision, 
some fly under safely, depending 
on underpass height 


Clutter-adapted bat: 


that the target bat species can pass without changing 
flight height or direction. Underpass height, more than 
width, is the critical dimension in persuading bats to fly 
through. Even at the site of an underpass, a high pro- 
portion of bats may ignore the underpass and fly over 
the road above it, if the underpass is too small or low 
(Abbott 2012). If in doubt, bigger is better. Required 
minimum heights of underpasses will generally be 
lower for forest-adapted species (~3 m as a rough guide) 
compared to generalist edge-adapted species (~6m as a 
rough guide), while open-air species are more likely to 
fly high above roads (Fig. 34.5). It is necessary to 
observe and measure the flight routes and typical flight 
altitudes of the local bat species when deciding appro- 
priate underpass sizes and locations. Mitigation prac- 
tice would benefit by objectively testing and reporting 
whether designed underpasses are actually providing 
safe passage for bat populations. 

The nocturnal nature of bats means that they can 
probably make use of underpasses that are mostly used 
by people during daytime, such as for pedestrian access, 
minor road traffic, train, forestry or agricultural activi- 
ties (Chapter 22). Bats will use underpasses that are 
wet or dry, and long or short, provided connectivity 
and minimum size requirements are met. Several 
measures are likely to benefit bats, such as restricting 
lighting in and around underpasses, placing under- 
passes at mature tree and hedge lines (which bats 
naturally follow) and increasing the size of routinely 


Open-adapted bat: 
Mostly fly over, ignoring 
he underpass 


——_~___, 


Low-flying forest-adapted bat more 
likely to fly through the underpass 


> 34.5 Bats’ use of underpasses depends critically on connectivity with surroundings and tunnel height and also with 


the typical flight height of the species. Source: Drawn by and reproduced with permission of Ruadhrí Brennan. 
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Figure 34.6 Over-the-road-crossing structures: gantries (A) and conventional overpasses (B) are not effective. Wildlife 
overpasses (C) have potential but need more research. Source: (A) Photograph by Anna Berthinussen, (B) Photograph by Isobel 
Abbott; and (C) Photograph © Herman Limpens/Zoogdiervereniging. Reproduced with permission. 


incorporated structures, such as drainage or badger 
tunnels, to also accommodate bats. Provision of well- 
placed, spacious underpasses should be integral to the 
overall design of road mitigation near major roosts. 
Roads that are above grade may be particularly dan- 
gerous when they sever treelines, since bats appear to 
maintain flight height on leaving the treeline, increas- 
ing the risk of WVC (Fig. 34.5). These sites are ideal 
candidates for underpasses. 


34.7 Other attempts to reduce the barrier 
and mortality effects for bats are unproven, 
and further research is required before 
widespread implementation 


At least 10 and perhaps many more ‘wire gantries’ 
have been built on UK and European roads with the 
specific aim of making them more permeable and safer 
to cross for bats. However, the most widely used design 
in the United Kingdom (Fig. 34.6 A), even when on the 
line of pre-construction flyways, does not work. Recent 
studies have shown that only a very small proportion 
of bats that approached the gantry used them and 
most crossed the road below at traffic height” 
(Berthinussen & Altringham 2012b). Many of these 
gantries were built over the last decade without ade- 
quate assessment. This wasteful and ineffective use of 
resources highlights the importance of making com- 
prehensive assessment an integral part of mitigation 
practice (Chapters 10 and 16). 

Conventional un-vegetated overpasses carrying minor 
roads or footpaths (Fig. 34.6 B) also do not appear to be 
effective crossing points for bats, relative to routes under 
roads (Bach et al. 2004; Abbott et al. 2012a), possibly 
because they are too exposed. Wildlife overpasses such as 
land bridges (Fig. 34.6 C, Chapter 21), if planted with tall 


vegetation and linked with existing bat flyways, have 
considerable potential as bat crossing structures. Bats do 
use vegetated overpasses, but a recent study found that 
only a small proportion of Bechstein’s bats crossed a 
busy motorway using a new land bridge; most crossed 
the road at locations lacking crossing structures 
(Stephan & Bettendorf 2011). Further research is 
required before conclusions can be drawn, but several 
features of the design and connectivity to surroundings 
are likely to encourage the use of land bridges by bats: 
strategic location on known flight lines, connectivity to 
treelines, mature vegetation on the bridge and increased 
bridge width. 

‘Hop-overs’ (Limpens et al. 2005) have been sug- 
gested as a measure to encourage bats to cross road 
gaps at safe heights. These consist of close planting of 
tall vegetation up to the road edge on both sides of the 
road, with tall vegetation in the central median of wide 
roads. Branches should overhang the carriageway, 
ideally giving continuous canopy cover over the road 
(Fig. 40.1 A). Safety concerns arising from overhang- 
ing branches have led to reluctance to adopt hop-overs, 
but many roads already have overhanging trees along 
their margins (Chapters 40 and 49). The effectiveness 
of hop-overs has yet to be assessed. The height of bats 
flying above a 20m road gap was higher with taller 
roadside vegetation (Russell et al. 2009), and there is 
a positive correlation between road-crossing height 
and height of roadside embankment (Berthinussen & 
Altringham 2012b). 


CONCLUSIONS 


Roads have the potential to vastly reduce bat popula- 
tions. The best approach (and a legal requirement in 
the European Union) is to first try to avoid impacts on 
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bats by conducting effective pre-construction surveys 
to locate roosts, flight paths and foraging habitats and 
to determine the likely effects of road developments. 
Where impacts cannot be avoided, bat specialists 
should be brought in as early as possible in the plan- 
ning and design stages to ensure mitigation plans are 
both functional and cost-effective (Chapter 9). Post- 
construction surveys and monitoring, in conjunction 
with pre-construction surveys, are needed to assess the 
effectiveness of mitigation (Chapters 10, 15 and 16). 
Large underpasses built on original flight paths appear 
to be the most effective way to increase road permeabil- 
ity and reduce roadkill. Wildlife overpasses may be 
more practical where roads are in a cutting but require 
further assessment. Flight paths and crossing struc- 
tures should be unlit. All crossing points should be on 
the line of pre-construction flyways and tree/hedge 
planting should link them effectively to undisturbed 
flyways in the surrounding habitat. Plants should be as 
large as practicably possible and given the maximum 
time to establish. Mitigation must be proven to be effec- 
tive in protecting bat populations through objective 
and rigorous monitoring. The effects of roads on bat 
populations are likely to reveal themselves slowly, so 
this monitoring should be long term. 
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FURTHER READING 


Altringham (2008): A critical assessment of bat mitigation 
measures for a major UK road. 

Bat Conservation International website (www.batcon.org) 
and Bat Conservation Trust UK website (www.bats.org.uk): 
Both websites provide information about bats and bat 
research and also provide advice on roost creation, but as 
yet, few methods have been objectively evaluated. Long- 
term monitoring to assess success of roost measures should 
be integrated in future work. 

Hundt (2012): Detailed methods to conduct bat surveys, with 
specific information for the United Kingdom but relevant 
for all regions. 

Limpens et al. (2005): Accessible background ecological 
information and advice on mitigating the effects of roads 
on bats, but it has a non-quantitative evidence base. 

Mitchell-Jones (2004): Guidelines focused mainly on roost 
mitigation measures, with specific information for UK spe- 
cies but relevant for all regions. 
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SUMMARY 


Carnivores are a diverse group of wildlife that occur in most environments around the world. Large, wide- 
ranging carnivores play key ecological roles in natural systems. They regulate population sizes of herbivores 
and other small- and medium-sized carnivores that in turn affect the growth, structure and composition of 
plant communities and habitats and the health of the small-animal populations that live in these habitats. 
Carnivores are particularly susceptible to the impacts of roads because many species require large areas to 
sustain their populations, have low reproductive output and occur in low densities. 

35.1 Carnivores with large home ranges, long dispersal distances or inability to tolerate human distur- 
bance are particularly vulnerable to the effects of roads and traffic. 

35.2 Threats from roads and traffic such as wildlife-vehicle collisions barriers to movement, habitat dis- 
turbance and road avoidance jeopardise the persistence of certain carnivore populations. 

35.3 Road and landscape-related features influence behavioural responses of carnivores to roads, 
mortality risk and barrier effects. 

35.4 Different types of crossing structures are needed to increase habitat connectivity for the wide 
diversity of carnivore species. 

35.5 Fencing, when paired with crossing structures, is critical to reducing the negative effects of roads 
on carnivores. 
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The effects of roads and traffic on carnivores are well understood and vary significantly because of the 
diversity in their body size, movement ecology, prey selection and habitat preferences. Consequently, carni- 
vores require a diverse suite of mitigation options, many of which have been well studied. Further research 
is needed to evaluate effects of roads and mitigation success in maintaining genetic integrity that supports 
long-term viable populations of carnivores. 


INTRODUCTION 


Carnivores are a diverse group of predatory mammals 
that consume animal tissue as part of their diet. There 
are terrestrial and aquatic representatives adapted to 
nearly every continental environment and climate on 
earth. Terrestrial species range from very small to quite 
large sizes, such as the least weasel (37-50 g) and 
polar bear (420-500 kg). Their foraging strategies are 
diverse and include hunting (e.g. stone marten), scav- 
enging (e.g. hyena) and omnivory (e.g. bears), and 
social structures range from relatively solitary individ- 
uals (e.g. jaguar) to complex interacting family groups 
(e.g. wolf). Carnivores play a key role in maintaining 
ecosystem integrity and preserving biodiversity in a 
number of ways. Many animal and plant species are 
protected when large areas of habitat are set aside for 
carnivore conservation because their needs are also 
addressed. The removal of carnivores from the top of 
the food chain will negatively impact the abundance of 
prey and other species (e.g. Palomares et al. 1996). 
These effects can cascade through the food chain, 
altering the interactions among species as well as the 
structure and function of ecological communities and 
ecosystem processes (Ripple et al. 2014). 

Although carnivores are often major conservation 
icons today, such as tigers, wolves and jaguar (Chapters 
36 and 37), they have historically been subjected to 
many anthropogenic threats. These include habitat 
loss and degradation, depletion of their prey and direct 
human persecution for the fur trade, trophy hunting 
and extermination because of fear, ignorance and 
perceived threats to livestock and human life, which in 
combination have resulted in massive population 
declines and range contractions (Ripple et al. 2014). 
Today, persecution and loss of prey are the immediate 
threats, but continued loss of habitat and the addi- 
tional mortality and barrier effect of roads and traffic 
are the greatest long-term threats to their persistence 
(Burkey & Reed 2006). The aims of this chapter are to 
(i) highlight the ecological and biological traits that 


make carnivores susceptible to roads; (ii) summarise 
the impacts of roads and traffic on this group of wild- 
life; and (iii) review the mitigation strategies necessary 
to conserve viable carnivore populations. 


LESSONS 


35.1 Carnivores with large home ranges, 
long dispersal distances or inability to 
tolerate human disturbance are particularly 
vulnerable to the effects of roads and traffic 


Roads are a significant direct cause of habitat loss, 
fragmentation and disturbance and indirectly lead to 
widespread land transformation for agriculture and 
urban development (Liu et al. 2014; Chapter 2). 
Many carnivore species are vulnerable to the effects 
of road-network expansion (Cardillo et al. 2004), 
such as increased human disturbance, mortality due 
to wildlife-vehicle collision (WVC), reduction of suffi- 
cient space for home ranges and isolation of popula- 
tions because of their large spatial needs and other 
biological and ecological traits. Due to past and present 
human persecution, some species do not tolerate areas 
of high human activity (e.g. jaguar, gray wolf), further 
reducing the amount of suitable habitat. As a result, 
many carnivores now occupy only small portions of 
their former geographic range (e.g. gray wolf, Florida 
panther). 

Those species most sensitive to fragmentation and 
human disturbance typically have large home ranges, 
low population densities, low reproductive outputs and 
display territorial behaviour (e.g. grizzly bear, Iberian 
lynx). These biological characteristics translate into 
the need for large undisturbed areas to support viable 
populations and the inability to sustain high levels 
of mortality. Many of the most imperilled carnivores 
require large home ranges, such as 99-241 km? for 
wolves (Okarma et al. 1998), 18-324km~? for grizzly 
bears (Craighead 1976), 195-520km/ for Florida 
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panther (FFWCC, 2014) and about 30 km? for leopards 
(Simcharoen et al. 2008). In addition, carnivores with 
large home ranges tend to occur in low population den- 
sities. For example, the primary habitat zone (9190 km?) 
in south Florida for the Florida panther was estimated 
to support a stable population of only 71-84 individu- 
als or at most one per 109km? (Kautz et al. 2006). 
When the population in an area reaches its carrying 
capacity, young adults must disperse to new areas to 
find suitable habitat. Many carnivores disperse long dis- 
tances, for example, 13—219 km for black bear (Rogers 
1987) and an average of 123 km for puma in the United 
States (Maehr et al. 2002), further increasing the 
probability of encountering roads. When carnivores 
increase their movement range in search of food to feed 
their young or to find mates, they tend to search for new 
areas that may include suboptimal habitat, thus 
increasing the likelihood of encountering a road (Saeki 
& Macdonald 2004). This is especially significant for 
dispersers and other novice individuals exploring 
unknown areas that are also unfamiliar with roads or 
the danger they pose when attempting to cross. One 
study on black bears in Florida showed that 66 of 96 
roadkills were inexperienced young males dispersing in 
search of mates in late spring/early summer or new 
food sources in autumn (Wooding & Brady 1987). 
Although carnivores have a wide range of morpho- 
logical, ecological and behavioural adaptations to 
coexist and adapt to diverse habitats (Gittleman et al. 
2001), some are unable to compensate biologically for 


the increased mortality due to low reproductive output 
or overcome the barrier effect of roads (e.g. Iberian lynx, 
bears, African wild dogs — Chapter 38). In general, 
larger carnivores that require more space are more 
sensitive to the effects of habitat fragmentation and 
isolation than smaller carnivores that appear more 
able to adapt to human activities and land develop- 
ment (Crooks 2002). 


35.2 Threats from roads and traffic such 
as wildlife-vehicle collisions barriers to 
movement, habitat disturbance and road 
avoidance jeopardise the persistence of 
certain carnivore populations 


One of the major causes of mortality for carnivores is 
WVC (Fig. 35.1), which in certain cases is sufficient to 
threaten population viability. For example, in a high- 
traffic area of Ocala National Forest, Florida, United 
States, the rate of female black bear mortality due 
to WVC was 23%, which when combined with other 
sources of mortality was estimated to exceed the 
maximum sustainable annual mortality rate for 
populations of similar demographics and reproduc- 
tive traits (Bunnell & Tait 1980; McCown et al. 2009; 
Textbox 35.1). Roadkills accounted for 35% of annual 
mortality of the federally endangered Florida panther 
(Taylor et al. 2002) and 17% of annual mortality of 
the most threatened felid species in southern Spain, the 


Figure 35.1 Stone marten roadkill in southern Portugal. Source: Photograph by and reproduced with permission of Joaquim 


Pedro Ferreira. 
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Textbox 35.1 Landform, land cover, road alignment and traffic influence black bear movement and 


roadkill patterns. 


Ocala National Forest (155,000ha) in Florida, United 
States, contains the largest population of black bears 
(~825-1225 individuals) in the state (FFWCC 2012). 
WVC is a primary cause of mortality, with about 80 
bears killed per year, including four hotspots of 5 or 
more roadkills annually on State Road 40 (SR40), 
which carries 5100 vehicles per day. 

The occurrence and movement of bears around SR40 
was studied from 1999 to 2003 using radiotracking and 
sand-tracking plots. In order to understand the factors 
influencing bear-vehicle collision hotspots, data on land- 
form, road alignment and land cover was also collected 
and analysed. The number of bear tracks was consist- 
ent along a 19km stretch of SR40 through the core of 
the forest; the analysis revealed no bias in bear move- 
ments or road crossings by land cover, habitat, road 
curvature, topography or presence of intersecting roads 
or trails (McCown et al. 2004). Rather, bear movements 
and crossings were in response to availability of food 
sources, and road geometry influenced the location of 
roadkills. Roadkills occurred on curves and hills 
(Fig. 35.2), strongly suggesting that reduced visibility 
was the ultimate cause. Relatively high vehicle speed 
(90km per hour) along SR40 exacerbates the problem; 
combined with the hills and curves in the road, it reduces 
driver response times when encountering bears. 


Subsequent research in a more fragmented and 
human-dominated area along SR40 with 15,700 vehi- 
cles per day revealed that (i) males crossed the road 
more frequently than females; (ii) the rate of road 
crossing by females was only slightly lower in the 
more fragmented area, despite having approximately 
three times more traffic volume; and (iii) more female 
WVC occurred at the higher traffic volume site 
(McCown et al. 2009). Males have larger home ranges 
than females and therefore encounter and cross roads 
more often. The higher rate of female mortality in the 
high-traffic volume site was somewhat unexpected 
because more traffic should increasingly act as a 
barrier to crossings. The most likely explanation is 
that bears increase their frequency of road crossings 
in fragmented areas because of a greater need to cover 
larger areas to access food and mates, attraction to 
human food sources, and a shift to more nocturnal 
movements to adapt to periods of minimal human 
activity and traffic levels. Vehicle collisions accounted 
for 23% of annual mortality of female bears in the 
high-traffic area. 

Previous studies (Brody & Pelton 1989; Beringer et al. 
1990) have documented road avoidance by bears when 
traffic volume is high; however, bears occurring in frag- 
mented areas may need to cross busy roads (Fig. 35.3) 


Figure 35.2 Typical topographic relief and curvature of State Road 40 through Ocala National Forest, Florida, United 
States, which resulted in high rates of bear-vehicle collision. Source: Photograph by D.J. Smith. 
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Figure 35.3 A black bear crossing State Road 40 in Ocala National Forest, Florida, Untied States. Source: Photograph 


by and reproduced with permission of Mark Cunningham. 


to find mates, suitable den sites and food sources. The 
estimated annual mortality from all sources was 37.6% 
(McCown et al. 2004) in the fragmented area, making it 
unsustainable (Bunnell & Tait 1980), and any increase in 
mortality or habitat fragmentation will further imperil 
their existence (McCown et al. 2009). Current plans to 
widen the road to four lanes would exacerbate these 


effects; therefore, recommendations were made to 
include crossing structures and fencing in any future 
highway designs. This study demonstrates the impor- 
tance of considering habitat use and movement pat- 
terns of the target species, landscape characteristics, 
traffic volume and road alignment in evaluating WVC 
locations and mitigation needs. 


Iberian lynx (Ferreras et al. 1992). In Britain, more 
than 40% of the adult Eurasian badger population is 
killed annually by vehicles (Clarke et al. 1998). The 
estimated annual roadkill rates of carnivores along 
314km of national roads in southern Portugal was 
around 47 individuals per 100km, with red fox and 
stone marten (Fig. 35.1) experiencing the highest rates 
(20 and 8 individuals per 100km, respectively) (Grilo 
et al. 2009). While little is known about the implica- 
tions of these mortality rates on the long-term viability 
of the populations, attention must also be paid to this 
added source of mortality on the potential reduction of 
genetic diversity (Jackson & Fahrig 2011). 

Roads with high-traffic volumes and vehicle speeds 
can act as barriers to animal movement as well as 
disturb and displace carnivore populations due to 
road avoidance (Fig. 1.2; Riley et al. 2006). In some 
cases, populations of carnivores have declined due 
to increased hunting pressure as a result of improved 
access provided by the road (e.g. Van Dyke et al. 
1986; Mech et al. 1988; Beldon & Hagedorn 1993; 
Chapter 37). Moreover, human disturbance while 
carnivores are hunting or feeding can reduce hunting 


efficiency and increase carcass abandonment, as shown 
for Amur tigers (Kerley et al. 2002). Similarly, the Asiatic 
leopard avoided habitat near a road bisecting a National 
Park in Thailand and also reduced their level of diurnal 
activity (Ngoprasert et al. 2007). Similarly, Eurasian lynx 
avoided areas with the highest road densities within their 
home ranges (Basille et al. 2013). The severity of these 
effects can vary between sexes, as shown by male jaguars 
that were more willing than females to use areas close to 
roads, and with higher levels of human occupation, 
even though the species generally avoids both land uses 
and preferentially moves in undisturbed forests (Colchero 
et al. 2011; Chapter 36). 


35.3 Road and landscape-related 
features influence behavioural responses 
of carnivores to roads, mortality risk and 
barrier effects 


The rate of WVC with carnivores is influenced by 
habitat suitability and landscape structure, as well as 
road and traffic characteristics (Gunson et al. 2010; 
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Textbox 35.1). Roads through high-quality habitat are 
especially problematic due to the high abundance and 
diversity of species (Barrientos & Miranda 2012) as 
well the often narrow and sinuous roads with low to 
medium traffic volumes. Roads in protected areas 
and parklands are often designed to blend into the 
landscape in order to improve aesthetics. However, the 
narrowness, curves and steep slopes in wilderness 
areas can severely limit driver visibility, decreasing 
their ability to detect and avoid animals on the road 
(Grilo et al. 2009). Vegetated roadsides can support 
populations of small mammals and other potential 
prey (Chapters 39 and 46), potentially attracting car- 
nivores and increasing their risk of WVC. Scavenging 
carnivores are often attracted to roadkills as a source of 
food, which increases their probability of also being 
involved in WVC (Figs. 26.2B and 50.3). Roadkills are 
also more likely to occur where roadside fencing ends, 
such as where side roads join the fenced road (Clevenger 
et al. 2001; Cserkész et al. 2013; Chapter 20). Weather 
conditions also influence the rate of WVC. For example, 
the rate of mortality of river otters in England was 
higher during heavy rainfall periods when small cul- 
verts became impassable due to flooding or increased 
water velocity, forcing them to cross over the road 
(Philcox et al. 1999). Otters also travel over land more 
often during periods of drought in search of water, 
which increases their probability of WVC. 

There are thresholds in traffic volume where the rate 
of WVC decreases and the barrier effect becomes inten- 
sified. For larger carnivores (e.g. coyote, wolf, puma), 
the threshold is approximately 2000-5000 vehicles 
per day (Alexander et al. 2005). In line with this study, 
stone martens seem to regularly cross a four-lane high- 
way with nightly traffic volumes of 2000 vehicles (Grilo 
et al. 2012); consequently, WVC was the main threat to 
the population. On the other hand, significant genetic 
structuring was found in wildcat populations divided 
by a six-lane highway with 100,000 vehicles per day 
(Hartmann et al. 2013). Similarly, a 10-12 lane freeway 
in California with 150,000 vehicles per day was only 
permeable for dispersing bobcats and coyotes through 
the use of culverts or underpasses (Riley et al. 2006). 


35.4 Different types of crossing structures 
are needed to increase habitat connectivity 
for the wide diversity of carnivore species 


Many wildlife crossing structures (Chapter 21) built 
across roads in Europe and North America are used by 
carnivores (Beckmann et al. 2010). In addition to these, 


some carnivore species will also use drainage culverts 
and other types of multi-use structures (e.g. Clevenger 
et al. 2001; Lesson 21.3) to cross roads. The suitability of 
both dedicated and multi-use crossing structures is influ- 
enced by the type and size of the structure itself and the 
characteristics of the surrounding vegetation and land- 
scape, the road and the degree of human disturbance. In 
summary, carnivores use a diversity of structures to 
cross roads, and there are several design parameters that 
should be considered to make them attractive to a wide 
range of species (Chapter 21 and 59): 

(i) Structure type and size — Larger structures generally 
have higher rates of use by carnivores than smaller ones 
(Kusak et al. 2009). Small-sized underpasses (1-1.5m 
wide) are also used by small- to medium-sized species, 
such as marten, coyote and bobcat (e.g. Cain et al. 2003; 
Grilo et al. 2008). Carnivores that require cover or con- 
cealment, especially those which live in burrows or dens, 
appear to prefer or be more tolerant of more con- 
stricted underpasses, such as badgers (Fig. 35.4), 
black bears and cougars, while others that use open 
habitat, such as grizzly bears and wolves, appear to 
prefer overpasses or high, wide and short underpasses 
(Clevenger & Waltho 2005; Sawaya et al. 2014). The 
use of structures by subordinate individuals or species 
appears to be negatively affected by the presence of 
established, dominant individuals or species. For exam- 
ple, use of a specific structure by wolves may reduce or 
preclude use by coyotes, as well as potential prey species 
(Clevenger 2011; Chapter 23). Thus, multiple struc- 
tures of a range of types and sizes are required to allow 
crossing by many different species (Mata et al. 2008). 
Wildlife crossing structures have been included in many 
road projects for large carnivores (e.g. bears, wolves and 
lynxes — Textbox 35.2), including overpasses ranging in 
width from 30-50m to over 200m (e.g. Wieren & 
Worm 2001). Wildlife overpasses are used by a wide 
diversity of species (e.g. Brodziewska 2005) and have 
numerous other advantages over underpasses including 
the provision of wider areas for crossing, exposure to 
natural rainfall, temperature and light conditions, and 
the provision of continuous, vegetated habitat corri- 
dors across the road (Glista et al. 2009). 

(ii) Landscape context and local features — Crossing struc- 
tures should be located in areas with ecological signifi- 
cance for carnivores, such as within highly used areas 
and connecting corridors of forested habitat, which 
may include waterways with riparian vegetation, and 
low levels of human disturbance (e.g. Clevenger & 
Waltho 2005). 

(iii) Structure enhancements — Crossing structures should 
be as similar as possible to the preferred habitat of the 
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Figure 35.4 Badger using a tunnel. Source: Photograph by C. Grilo. 


Figure 35.5 Logs and brush were included inside this underpass to provide cover for carnivores and small mammals. Source: 


Photograph by C. Grilo. 


target species. Low rates of use and avoidance of struc- 
tures by weasels and polecats was attributed to the 
unnatural characteristics of most underpasses (Grilo 
et al. 2008). Guiding carnivores towards structures 
with the help of linear strips of vegetation and placing 
logs, rocks and bushes inside and outside passages to 
provide cover is highly recommended to improve func- 
tion (Fig. 35.5). 


(iv) Spacing intervals—Road permeability can be improved 
by placing crossing structures at intervals that corre- 
spond to the movements of the target species and the 
goals for mitigation (see Chapter 21; Lesson 21.6). 

(v) Enhancements to drainage structures — Many stand- 
ard drainage structures, including culverts and bridge 
underpasses, are unsuitable for use by wildlife (Fig. 35.6A), 
especially when carrying water or during periods of 
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flooding (e.g. stone martens and genets — Villalva et al. 
2013). Options for dry passage should be provided 
(Serronha et al. 2013), and there are a number of strate- 
gies: (i) bridge underpasses should include a strip of dry 
land on one or preferably both banks (Figs. 35.6B and 
45.4; Lesson 45.4); (ii) install multiple culverts with one 
or more culvert being elevated to remain dry most of the 
time (Figs. 21.4 and 45.5); and (iii) install shelves or 
ledges on the walls of underpasses above the water level, 
with ramps to provide access (Figs. 35.6C and 39.3). Dry 
ledges are also easily retrofitted to existing culverts 
(Fig. 35.7). Swimming ledges, which float on the water 
surface and therefore can adapt to changing water levels, 
are also a possibility. Such ledges or shelves can circum- 
vent impassable dams and also enhance the attraction to 


culverts by swimming species, for example, otters have 
the opportunity to exit the water to mark territory. 
However, behavioural differences among individuals 
play an important role regarding the efficiency of cross- 
ing structures. Adaptation to and acceptance of new 
structures may take an extended period of time (e.g. an 
average of 4—6 years for carnivores, Clevenger 2011). 
Following this acclimation period, certain resident 
individuals often become accustomed to many types 
of crossing structures within their home ranges and 
use them regularly, while other individuals may have 
preferences for a specific structure type or location 
(Klar et al. 2009). Dispersing animals are often reluctant 
to use crossing structures, particularly when moving 
through unfamiliar areas (e.g. Zimmermann 2004). 


(C) 


Figure 35.6 Examples of river otter crossings: (A) unsuitable culvert design with high risk of submersion from flooding, 
(B) superior design with riparian strips and (C) retrofitted culvert with dry ledge including aquatic entry points for otters. 


Source: Photographs by N. Klar. 


Figure 35.7 Bolt-on wildlife shelf retrofitted to an existing drainage culvert for use by weasels. Source: Photograph by and 
reproduced with permission of Kerry Foresman, Critter-Crossing Technology L.L.C. 


Textbox 35.2 Enhancing population connectivity and minimising road mortality for Iberian lynx in Spain. 


Iberian lynx (Fig. 35.8) is a highly endangered felid 
species with just 400 breeding individuals occurring 
in two isolated populations: 75% in Sierra Morena 
and 25% in Doñana, a fragmented habitat area (Simón 
2012). Mortality due to WVC is one of the primary 
threats to the viability of the Doñana population — in 
2006, 12% of this population was killed in collisions. 
Consequently, a series of measures to reduce mortal- 
ity and restore connectivity for this population was 
implemented along 150km of roads in the Donãna- 
Aljarafe region in southern Spain, including: (i) reduc- 
tion of the attractiveness of roadside vegetation to lynx; 
(ii) installation of traffic calming devices to reduce vehicle 
speed; (iii) installation of 40km of fencing to funnel 
animals to underpasses (Fig. 35.9A); (iv) construction 
of 53 crossing structures (33 wildlife underpasses, 
2 wildlife overpasses, 11 retrofitted culverts and 
7 bridges or viaducts) (Figs. 35.9B, C and D); and 
(v) installation of roadside reflectors (but see 
Chapter 25) in areas used by dispersing lynx. By 
2012, the rate of roadkill had decreased to 5% of the 
Doñana lynx population, and many crossing struc- 
tures were being used regularly by lynx with demon- 
strated increases in gene flow (Simón 2012). 


Figure 35.8 Iberian lynx is one of the world’s most 
endangered carnivores, with just 400 breeding individuals 
remaining in the wild. Source: Photograph by and 
reproduced with permission of Joaquim Pedro Ferreira. 


Figure 35.9 Mitigation measures to minimise road mortality of Iberian lynx and improve population connectivity: 
(A) fencing to prevent access to the roadway and funnel lynx to crossing structures, (B) earthen ramps as escape 
structures for Iberian lynx, (C) underpass with wooden ledge, (D) Iberian lynx using an underpass, (E) wildlife overpass 
specifically for lynx during construction and (F) the operational overpass. Source: Photographs by and reproduced with 
the permission of (A) Joaquim Pedro Ferreira, (B, C, E, F) Gema Ruiz, (D) Miguel Simón). 
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35.5 Fencing, when paired with crossing 
structures, is critical to reducing the 
negative effects of roads on carnivores 


Fencing is an effective strategy to reduce WVC and is 
recommended for many species (Chapter 20), includ- 
ing carnivores (Klar et al. 2009). However, fences 
without crossing structures can exacerbate the bar- 
rier effect of the road and create genetically distinct 
populations, increasing the likelihood of local extinc- 
tions (e.g. Klar et al. 2006). Therefore, roadside 
fencing should always be combined with crossing 
structures to reduce fragmentation effects and provide 
the added benefit of directing animals to crossing 
structure entrances (Chapters 20 and 21). Standard 
livestock fences are typically ineffective at containing 
carnivores because most species are agile, capable 
climbers or persistent diggers (Grilo et al. 2009; 
Cserkész et al. 2013). Effective fences for species with a 
penchant for digging need to be buried, while those for 


climbing species require sufficient height and an over- 
hanging edge to contain them (Chapter 20, 
Textbox 35.3). 

The length of fencing necessary to effectively funnel 
wildlife to crossing structures varies by species. For 
instance, fencing with a small mesh size extending for 
100m on each side of culvert entrances was not 
enough to prevent roadkills of small- and medium-sized 
carnivores with larger spatial requirements (Villalva 
et al. 2013). Similarly, a 100m section of fence around 
culverts did not generally increase use by bobcats, but 
it may have contributed to increased use of culverts 
previously frequented by bobcats (Cain et al. 2003). 
Interestingly, a simulation study with a common spe- 
cies such as stone martens in areas of high rates of 
roadkill showed that partial wildlife fencing alone may 
be more effective than crossing structures at reducing 
genetic differentiation, given its ability to eliminate 
road mortality, which in turn increased genetic diver- 
sity (Ascensão et al. 2013). 


Textbox 35.3 Designing fences to prevent road mortality of wildcats. 


European wildcats, similar to many other species of 
carnivore, are able to climb and jump standard wildlife 
and livestock fences with relative ease. Consequently, 
a fence design that prevented wildcats from access- 
ing the road and guided them towards crossing struc- 
tures was urgently needed. A series of trials with 
European wildcat in different types of fence enclo- 
sures was conducted in Germany, resulting in a fence 


that is 2m high and has a mesh size of 5cm?, a 50cm- 
wide overhanging metal sheet and a 30 cm-wide sub- 
terranean plastic board (Fig. 35.10; Klar et al. 2009). 
These are now installed as a standard measure along 
new motorways that traverse wildcat habitat. This 
fence is combined with a variety of crossing structures 
spaced a few kilometre apart and effectively reduces 
roadkill and restores permeability. 


Figure 35.10 (A) The European wildcat is identified by the circular black rings on its tail. (B) Fences for wildcats in 
Germany are 2 m high with mesh size of 5cm?, a 50 cm-wide overhanging metal sheet and plastic board buried 30 cm 
deep. Source: (A) Photograph by and reproduced with permission of Heiko Miiller-Stie&; and (B) Photograph by N. Klar. 
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CONCLUSIONS 


There is an abundance of scientific literature identify- 
ing the direct impacts of roads on carnivores including 
quantifying road mortality and crossing rates (see also 
Chapter 28). However, little is known about the implica- 
tions of those values on the viability of carnivore popu- 
lations over time. For example, the typical recording of 
use of crossing structures by carnivores is not sufficient 
to fully assess their effectiveness; identifying the mini- 
mum number of breeding individuals required to cross 
the road barrier to ensure adequate gene flow and 
maintain sustainable populations must be determined 
(Corlatti et al. 2009). Research should be conducted to 
find the thresholds in road density that threaten the 
persistence of various carnivore populations and to 
identify minimum specifications for mitigation efficacy 
required to provide connectivity for individuals, genetic 
exchange and long-term population persistence. 
Long-term monitoring programmes that incorpo- 
rate pre- and post-construction evaluation (Chapter 10) 
should be more widely employed across the geographic 
ranges of different carnivore species. Importantly, these 
programmes should specifically address the variation in 
responses to roads by different carnivore species and indi- 
vidual mitigation preferences. This information can be 
used to assess the effectiveness of crossing structures 
and fencing to adequately reduce mortality rates and 
facilitate gene flow across roads and thereby maintain 
viable populations across large scales (Corlatti et al. 2009). 
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FURTHER READING 


Basille et al. (2013): Emphasises the hierarchical nature of 
habitat selection at multiple spatial scales, in particular 
concerning road density, where one carnivore species can 
shift habitat selection to avoid areas with the highest road 
densities within their home range, using a compensatory 
mechanism at fine scales. 

Gittleman et al. (2001): Summarises the problems, approaches 
and solutions for carnivore conservation and provides a 
conceptual framework for future research and manage- 
ment, especially in changing landscapes. 


Ripple et al. (2014): Assesses how threats such as habitat loss, 
persecution by humans and loss of prey combined can 
promote declines of large carnivores which pose a global 
conservation problem. 

Sawaya et al. (2014): Highlights the importance of wild- 
life crossing structures to provide for interactions 
between individuals and consequently promote gene 
flow restoring landscape connectivity for carnivores in 
roaded landscapes. 
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Jaguars (Fig. 36.1) are one of the most elusive large 
carnivores on earth, and gathering information on 
their demography and behaviour is extremely challeng- 
ing. Although their geographic range extends from 
northern Mexico to Argentina, it has shrunk to less than 
54% of its original extent in the last few decades 
(Kinnaird et al. 2002). Jaguars are a key flagship species 
in the Americas, being the subject of Paseo Pantera, the 
continent-wide connectivity initiative (Sanderson et al. 
2002; Rabinowitz & Zeller 2010). 

Studies on jaguars have focused mostly on under- 
standing foraging behaviour, dietary preferences and 
activity patterns (Rabinowitz 1986; Novack et al. 2005; 
Weckel et al. 2006), and only a few have attempted to 
understand habitat preferences and the impact of roads 
on their ecology (Ortega-Huerta & Medley 1999; Conde 
et al. 2010; Colchero et al. 2011). Recent studies in the 
Mayan Forest of Mexico, Belize and Guatemala have shed 
some light on the impact of roads on this charismatic 
carnivore. This region supports the major zone of tropi- 
cal forest in North and Central America and is a key ele- 
ment of the Mesoamerican Hotspot (Myers et al. 2000). 


The largest jaguar population in the northern hemi- 
sphere also occurs here, and this population is threatened 
by the expansion of road networks that have severely 
fragmented the habitat of jaguars and many other species 
(Conde et al. 2007). 

A recent study on the habitat preferences of jaguars 
in the Mayan Forests showed that they occur with 
higher probability in well-preserved forest patches than 
on secondary growth or agricultural lands and that the 
probability of occurrence for jaguars declined with 
increasing proximity to roads (Conde et al. 2010). Male 
and female jaguars select different habitats and males 
show a higher tolerance to roads than females. From 
1980 to 2000, 34% of female and 22% of male habitats 
were lost, while habitat fragmentation doubled (Conde 
et al. 2010). Mortality due to wildlife-vehicle collision 
(WVC) is higher in males than females. 

In a subsequent study, radio-telemetry and GPS data 
were used to infer the movement of jaguars in response 
to vegetation, roads and human population density 
(Colchero et al. 2011). Analysis of jaguar movement 
patterns identified crossing sites on the Escarcega—Xpujil 
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Figure 36.1 Jaguar in Mexico being sedated and fitted with GPS. Source: Photograph by Carlos Manterola. 
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Figure 36.2 Road-crossing frequency from simulated female (dark bars) and male (light bars) jaguars along the Escarcega— 
Xpujil Road segment. Males cross the road along its entire length, but females will only cross around the 75 and 100 km sections 


of the road. Source: Colchero et al. (2011). 


Road through the Calakmul Biosphere Reserve, one of 
the most important biological sanctuaries in the Mayan 
Forests of Mexico and Guatemala. The movement of 
male and female jaguars was affected, with females 
much more restricted than males by proximity to roads 
and even intermediate levels of human population den- 
sity. Consequently, females have considerably fewer suit- 
able locations to cross the Escarcega—Xpujil Road than 
males (Fig. 36.2). These crossing locations occurred in 


areas of high forest density and low density of humans. 
Still, this study identified a 1km section of the road 
(~100km from Escarcega; Fig. 36.3) where the likeli- 
hood of crossing was highest for both sexes and wildlife 
crossing structures should be built to re-establish con- 
nectivity. A comprehensive suite of mitigation measures 
were proposed to the Ministries of Communication and 
Environment in order to mitigate the impact of the 
existing road on Jaguars. As yet (February 2015), none 
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Figure 36.3 Location of proposed crossing structure for jaguar (Jag. crossing) along the Escarcega—Xpujil Road in southeast 
Mexico (see inset). The crossing site was identified as the location with the highest crossing index for male and female jaguars 
based on the simulations performed by Colchero et al. (2011). Source: Colchero et al. (2011). 


have been installed along the 140 km length of road. 
As yet, no mitigation measures have been installed along 
the 140km length of road. 

Another negative effect is that roads improve access 
to the forest, leading to increased poaching of jaguars 
and hunting by people on prey populations important 
to large carnivores (Wilkie et al. 2000; Chapters 2, 37 
and 56). Habitat loss and fragmentation also reduce 
the abundance and diversity of prey for jaguars, which 
increases the rate of depredation on cattle by jaguars 
(Polisar et al. 2003). Male jaguars are responsible for 
approximately 70% of cattle predation in the region, 
and this results in greater rates of male mortality by 
farmers and communal landowners who attempt to 
protect their stock (Rabinowitz 1986). 

Consequently, it is imperative that the negative effects 
of roads on jaguars (e.g. mortality due to WVC, land- 
scape fragmentation and reduction in high-quality 
habitat) play a key role in the decision-making process 
when planning and designing road projects. Importantly, 
priority habitat areas for the jaguar should be avoided 
when building roads, and where unavoidable, sufficient 
appropriate mitigation measures are required to main- 
tain connectivity and reduce mortality due to WVC. 
Consideration of road impacts will reduce future con- 
flicts between jaguars and people. 
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Tigers (Fig. 37.1) are one of the world’s most endangered 
large carnivores with an estimated global population of 
approximately 3200 individuals. They currently occur in 
13 countries, representing 7% of their former range 
(Dinerstein et al. 2007). The survival of tigers in the wild 
depends largely upon the willingness of the tiger-range 
countries to ensure adequate protection of sufficiently 
large areas from inappropriate development and activi- 
ties such as roads and poaching. Tigers are threatened by 
roads and traffic. Research on Amur tigers in Russia 
suggests that direct mortality due to wildlife-vehicle 
collisions (WVC) can reduce survivorship and reproduc- 
tive success of surviving animals (Kerley et al. 2002). 
Tigers have been affected in western Malaysia through 
construction of the North-South highway and another 
highway that bisected a bottleneck area in Taman 
Negara National Park (Kawanishi et al. 2010). 

The current rate of mortality of tigers due to WVC in 
India appears to be relatively low, with approximately 20 
documented tiger deaths in various reserves over the past 
15 years (Prakash 2012), although this number is likely 


an underestimate due to non-detection or non-reporting. 
Furthermore, as the size of the tiger population declines 
and the road network expands, the direct and indirect 
effects of mortality due to WVC and fragmentation of 
tiger habitats will become of greater concern. In addition 
to direct mortality, the death of individual tigers results 
in social instability. The death of a territorial male can 
lead to infighting of transient males trying to establish 
territories and infanticide by the new territorial male, 
and it also affects tigresses due to unstable male ranges, 
possibly leading to depressed birth rates. Axis deer, a 
principal prey species for tigers in India, are also com- 
monly killed by WVC, resulting in reduced food for tigers. 

Furthermore, roads are used for illegal activities includ- 
ing hunting of tigers and their prey (see also Chapters 2, 
36 and 56). In eastern Russia, at least six Amur tigers were 
poached over a 10-year period along one road (Kerley et al. 
2002). In 2010, poachers apprehended in southern India 
confessed to the illegal hunting of axis and other deer 
species in Bandipur, Bhadra and Biligirirangaswamy 
Tiger Reserves by driving on roads at night. 
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Figure 37.1 A tiger crosses a road in Bandipur Tiger Reserve, southern India. Source: Photograph by and reproduced with 


permission of H. S. Basavanna. 


In India, the National Wildlife Action Plan 2002-2016 
(Government of India 2002) specifically prescribed 
regulation and mitigation measures for threats to 
wildlife posed by roads. However, there have been few 
serious attempts to implement the policy on the ground. 


37.1 Night closures and alternative roads in 
nagarahole-bandipur tiger reserves 


India has prioritised the conservation of tigers by estab- 
lishing 47 tiger reserves, spread across the whole coun- 
try, which get additional legal protection and funding. 
The Nagarahole (643 km?) and Bandipur Tiger Reserves 
(990km?) are important conservation areas for tigers, 
with over 100 breeding tigers (Sanderson et al. 2010). 
Seven major roads pass through these two contiguous 
tiger reserves (Fig. 37.2) nestled in the Western Ghats in 
the Indian state of Karnataka. 

A 27.3km stretch of the Mysore-Mananthavadi 
Road (State Highway (SH-17D) passes through the 
southern part of Nagarahole. In July 2008, based on a 
proposal made by conservationists to government offi- 
cials and a presentation to other stakeholders, the road 
was closed to all traffic at night (18.00-6.00 hrs) except 
emergency vehicles. However, as varied interest groups 
opposed the closure, upholding the closure needed 
persistent follow-up and support of well-intentioned 


government officials and media. In a particular instance, 
conservationists forged alliances with animal rights 
groups who were opposed to the use of this road to ille- 
gally transport livestock to slaughter houses in violation 
of officially prescribed transportation standards. Finally, 
after various stages of turnovers, the closure of the road 
by the government was upheld in the court. 

Under a World Bank-funded project, the Mysore- 
Mananthavadi Road was proposed to be upgraded to a 
high-speed highway. An alternative alignment was 
identified that would reduce the length of the road within 
the tiger reserve to 17.3 km and offer better access to 11 
villages that were previously poorly connected. Combined 
with the night closure to traffic, realigning the road 
outside the reserve would further decrease the impacts of 
traffic during daylight hours when vehicles were allowed 
to pass through the tiger reserve. However, the alterna- 
tive road was in poor condition and needed substantial 
investment from the government. In 2012, US$3.2 m 
was released by the state government to repair and 
upgrade the alternative road after the government was 
convinced of the conservation and public welfare merits. 
Now, a 10km stretch of the road through the tiger 
reserve has been officially decommissioned and a corre- 
sponding alternate alignment authorised and developed 
outside the reserve. 

Based on the experience of Mysore—Mananthavadi 
Road, in 2010, the government ordered nighttime 
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Figure 37.2 Roads through Nagarahole and Bandipur Tiger Reserves and alternate solutions provided. 


76°20'0"E 


76°20'0"E 


Tamil Nadu 


76°40'0"E 


12°20'0"N 


Nanjanagud 


Karnataka 


12°0'0"N 


Gundlupete 


11°40'0"N 


76°40'0"E 


320 Handbook of road ecology 


closure (from 21.00-06.00 hours) of the two high- 
ways NH-67 and NH-212) passing through Bandipur 
Tiger Reserve which was challenged in the court. The 
government counsel, including key policymakers, were 
persuaded about the conservation merits of the night 
closure but also provided an alternative solution to 
reduce the impacts on night-time transportation. One 
of the alternate roads passed along the boundary of 
Nagarahole (SH-90, Fig. 37.2) which was less damag- 
ing than passing through the core of the reserve at 
night. Apart from this, 22km of the alternative road 
passed through Nagarahole and Wayanad, while 29 km 
of the highway traversed through the core of Bandipur 
and the adjoining Wayanad Wildlife Sanctuary. 
However, as with the Mysore—Mananthavadi Road, the 
alternate road was in poor condition. Hence, the court 
ordered the repair of the alternate road for which the 
government made the required budgetary allocations 
(US$8.03 m) and repair works have been completed. 
Led by these examples, other state governments have 
implemented night closure or diversion of roads from 
protected areas including Mudumalai Tiger Reserve in 
Tamil Nadu and Gir National Park and Velavadar 
Wildlife Sanctuary in the state of Gujarat. 

Working closely with the media was an effective tool 
to increase public awareness and help create the 
atmosphere to build public acceptance and support. 
Educating drivers to slow down in protected areas is an 
important aspect of our campaign because commuters 
drive at high speeds in these areas. Improved scientific 
understanding of road impacts on tigers and other spe- 
cies in India is required. 


37.2 Science to support conservation 


We carried out a preliminary study to assess the relative 
use of roadside habitats by large mammals on the 
Mysore—Mananthavadi Road. Tiger, gaur, chital and 
elephant were more frequently detected along a closed 
section of the road than one with traffic (Gubbi et al. 
2012). Our data also showed that existing culverts built 
for drainage were seldom used by wildlife, contrary to 
arguments advanced by developers seeking to expand 
this road (Hosmat & Gubbi 2010). Our results broadly 
vindicated the need for measures to mitigate the impact 
of roads and traffic in sensitive wildlife habitats. 


37.3 Future course of action 


These experiences offer key lessons on managing the 
impact of roads for tigers: 


* The most effective mitigation strategy is to remove 
roads from tiger landscapes, particularly from source 
populations, and reroute them outside of important 
habitats and prevent the construction of new roads in 
those areas. 

e Effective mitigation of road impacts requires engage- 
ment of all levels of government and the community. 

e Dedicated wildlife crossing structures will likely be 
required in tiger landscapes because standard drainage 
structures are ineffective at mitigating the negative 
effects of roads and traffic on tigers. 

e International funding agencies are financing the 
rapid rate of construction of roads in many tiger-range 
countries, and they must become involved in measures 
to ensure these developments do not further endanger 
the persistence of tigers. 
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CASE STUDY: AFRICAN 
WILD DOGS AND THE 
FRAGMENTATION 


MENACE 


Brendan Whittington-Jones and 


Harriet Davies-Mostert 


Endangered Wildlife Trust, Johannesburg, South Africa 


The complex social dynamics, sleek cursorial design 
and semi-nomadic, fluid approach of African wild 
dogs (Fig. 38.1) to the broader landscape are in direct 
contrast to the human approach to infrastructure 
development (i.e. hardened, static, linear facilities and 
boundaries, such as those imposed by roads and 
fences). Wild dogs, like many wide-ranging carnivores, 
survive at comparatively low population densities, and 
their prey requirements often leave them vulnerable 
to persecution, reduced food availability and the 
fragmentation of prey populations and habitats. 
Such carnivores are increasingly exposed to anthropo- 
genic threats such as wildlife-vehicle collisions (WVC), 
snares and direct persecution as they disperse through 
fragmented landscapes. Deterioration of the connect- 
edness of landscapes can isolate sub-populations and 
reduce population viability, thereby increasing the risk 
of local extinctions and raising the management chal- 
lenges for remaining populations. 

Approximately 6600 free-ranging wild dogs remain 
in Africa (IUCN 2013), having disappeared from at 
least 25 countries over the past 50 years largely due to 
direct persecution and widespread habitat loss and 
fragmentation (Woodroffe & Ginsberg 1999). With 


fewer than 450 free-ranging African wild dogs left in 
South Africa, they are the country’s rarest large carni- 
vore (Lindsey & Davies-Mostert 2009). A managed 
metapopulation approach has been applied that com- 
prises a collection of geographically isolated private 
and state reserves that are capable of sustaining wild 
dogs but that need continual, intensive, collaborative 
efforts and logistical support to manage these subpop- 
ulations as a single, collective population. 

In South Africa, the familiar saying that ‘good fences 
make good neighbours’ underlies an approach to parti- 
tioning land into defined, intensively managed units, 
frequently disrupting and fragmenting habitats. Under- 
standing the influences of this transformation on large 
carnivores is important for managing connectivity 
among core populations and for mitigating the artifi- 
cially intense impact such restricted carnivores may 
have at a local scale. 

Fences limit the movement of carnivores among 
populations, and they alter relationships between 
predators and prey (Chapter 20). Wild dogs alter their 
hunting strategies by using fences to their advantage, 
with the result that they can chase larger prey into 
fences that they wouldn’t ordinarily be able to catch. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 


Companion website: www.wiley.com\go\vanderree\roadecology 


322 


Case study: African wild dogs and the fragmentation menace 323 


Figure 38.1 The African wild dog is endangered and is the subject of numerous studies to understand its ecology and aid 
in conservation. This individual has been fitted with a VHF collar to track its movements within a state game reserve. Source: 


Photograph by Brendan Whittington-Jones. 


High perimeter-to-area ratios increase the chance of 
packs coming into contact with fences, and the extent 
of this will vary according to both reserve size and 
shape. In Venetia Limpopo Nature Reserve in north- 
eastern South Africa, fence-hunting behaviour was 
found to influence the impact of wild dogs on prey 
populations by enabling the capture of different 
species, size classes, sexes, and conditions (Davies- 
Mostert et al. 2013). For example, fence-impeded 
kills comprised 40.5% of all kills (n= 316) over a 3-year 
period. When compared to kills made away from 
the fence, fence-impeded kills comprised larger prey 
species (kudu were twice as likely to be captured on 
the fence than off the fence) and enabled the cap- 
ture of animals in better physical condition for one 
prey category (Davies-Mostert et al. 2013). Fence- 
impeded kills also provided greater catch per unit of 
hunting effort, resulting in longer inter-kill intervals 
(Davies-Mostert et al. 2013). Despite these potential 
benefits for wild dogs, certain fences may also act as 
barriers to dispersing individuals. 

Dispersal direction may be influenced by artificial 
barriers such as fences, roads and railways, and this 
depends on whether such barriers interrupt dispersal 
or are semipermeable to a particular species. Selection 
of dispersal routes by wild dogs is a function of inter- 
acting ecological features and environmental and 


social pressures. In some landscapes, despite the inherent 
risks, wild dogs have been found to favour the use of 
rural roads for movement, a feature which may enable 
quicker movement than through dense vegetation. In 
a study of transient wild dogs outside of resident 
protected areas in eastern South Africa, many sightings 
were reported close to roads, and most were frequently 
found in areas with road densities of 0.6-0.7 km/km? 
(Whittington-Jones 2011). 

Although few confirmed wild dog deaths have been 
recorded on roads when compared to other anthropo- 
genic threats (e.g. poacher’s wire snares), they do actu- 
ally occur (Fig. 38.2). In Hluhluwe-iMfolozi Park in 
South Africa, four wild dogs (from a pack of 15 anda 
total population of 93 in the park) were killed in a single 
incident on the 20km portion of the sealed R618 road 
which bisects the park. Such events can disrupt the 
intense social bond of the pack and even result in pack 
dissolution if key pack members are killed. Although 
there has been no formal quantification of the impact 
of the R618 on wildlife populations, traffic officials 
have attributed the frequent wildlife deaths on the 
road primarily to speeding vehicles (the speed limit var- 
ies between 60 and 80km/h), particularly from dusk 
until dawn when no traffic enforcement takes place 
and visibility of wildlife on the winding road can be 
poor (L. Munro, personal communication). 
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Figure 38.2 Wild dog mortality from collision with a vehicle. Source: Photograph by and reproduced with permission of 


Wendy J. Collinson. 


To conserve wild dogs within heterogeneous land- 
scapes, it is important to understand how their spatial 
movements contribute to dispersal risk. It is impor- 
tant to identify higher-risk linkages (e.g. those with 
high-speed roads, livestock farming or communal 
hunting) between subpopulations to develop tailored, 
pragmatic strategies for planning and management 
of contiguous landscapes that link core populations 
of large carnivores. 
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SUMMARY 


We consider small mammals as shrews and moles, small marsupials, hedgehogs, mice and rats, and other 
rodents, rabbits, and hares commonly designated as ‘prey species’ (ie, those weighing <5 kg). For these 
species, roads typically have negative, often detrimental impacts, but in a few circumstances roads may be 
beneficial, making road mitigation strategies for this group slightly more complex than for other taxa. For 
example, roads and traffic typically act as barriers to the movement of individuals, while road verges may 
provide suitable habitat within otherwise degraded areas. This chapter illustrates the complex relationship 
between roads and small mammals and suggests possible road management and mitigation solutions. 

39.1 Road building may result in complete losses of habitat, territories and individuals. 

39.2 Roads may filter small mammal movements and reduce genetic exchange. 

39.3 The effect of roadkills on small mammal population persistence is often unknown. 

39.4 Fenced verges may provide benefits for small mammals. 

39.5 Crossing structures for small mammals must be optimally located and connected to surrounding 
habitat. 

39.6 Road verges should be diverse and contain natural structure. 
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Despite numerous road ecology studies on small mammals, we lack information on several key points, par- 
ticularly on the impact of roads on genetic exchange and the impact of roadkills for small mammal population 
persistence. Nevertheless, our current knowledge of small mammal ecology should allow road planners to 
avoid or mitigate the main negative impact of roads while encouraging the positive attributes of roads for 
small mammals. 


INTRODUCTION 


Small mammals play an important role within most 
ecosystems (Golley 1960), being key prey items for 
many predators (Mole6n & Gil-Sanchez 2003) and 
voracious predators of invertebrates (Montgomery & 
Montgomery 1990). They are also important seed dis- 
persers (GOmez et al. 2008) and ecosystem engineers 
capable of altering entire landscapes, such as the 
European rabbit within Mediterranean landscapes 
(Galvez Bravo et al. 2008) or the prairie dogs of the 
North American plains (Baker et al. 2012). Thus, 
changes in small mammal populations can destabilise 
entire ecosystems. For example, the decline of the once 
abundant black-tailed prairie dog across the grasslands 
of North America resulted in an increased establish- 
ment of woody plants and an eventual transition to 
woodland ecosystems (Weltzin et al. 1997). Therefore, 
efforts to understand small mammal-road interactions 
and how to mitigate the negative impacts of roads and 
traffic will benefit the overall ecosystem health. 

Small mammals typically respond negatively to roads 
but in some situations can also respond positively or both 
(Chapter 28), varying among species and landscapes, 
making the impacts of roads difficult to predict. As with 
other taxa, roads and traffic negatively impact small 
mammals mainly by reducing and fragmenting habitat, 
by restricting individual movements and by causing 
direct mortality through wildlife—-vehicle collision (WVC) 
(Ruiz-Capillas et al 2015). Conversely, roadside verges 
can benefit some small mammals because access to the 
right of way is often limited by exclusion fences that 
reduce habitat disturbances caused by livestock and 
humans (Ascensão et al. 2012; Chapter 46) and may 
even prevent some carnivore species from hunting within 
the road verge (assuming the mesh size is small enough). 

Because roads chiefly have negative effects on small 
mammal populations, yet are occasionally positive, 
general mitigation strategies for these species are some- 
times difficult to design. Road agencies must strive for 
multifaceted and dynamic mitigation approaches that 
maintain landscape connectivity by reducing the bar- 
rier effect and roadkills while managing the road verges 
to better support small mammal populations. This 


chapter aims to detail the most significant impacts of 
roads on small mammals, highlight the importance of 
road verges as habitat and recommend some best prac- 
tices for road mitigation targeting small mammals. 


LESSONS 


39.1 Road building may result in complete 
losses of habitat, territories and individuals 


Road-construction activities and the completed road 
itself pose unique and direct threats to small mam- 
mals. Road construction involves major landscape 
modifications that often change the hydrology, connec- 
tivity and habitat suitability and availability within the 
landscape. As one may expect given their small size, 
many species typically have small territories, often less 
than lha (Lindstedt et al. 1986), and thus, a small 
mammal can have its entire territory destroyed during 
road construction. Further, small mammals are likely 
to be directly killed during road-construction activities 
due to their limited mobility, and therefore, the con- 
struction of even a small road can have disproportion- 
ate impacts on small mammals (Andrén 1994). This is 
especially true for species whose forested habitats are 
removed along roads or species that require specific or 
scarce habitat that is replaced by roads, thereby extend- 
ing the habitat gap and limiting future mitigation 
options (Lessons 39.5 and 39.6). 

Where large expanses of contiguous habitat exist, road 
construction may be a relatively small threat to the per- 
sistence of most small mammal species. However, road 
construction and improvements are more frequent in 
landscapes already dominated by people and where habi- 
tat for small mammals is often fragmented or scarce. In 
these areas especially, efforts should be made to mitigate 
all reductions in landscape connectivity and habitat avail- 
ability. Reducing the amount of landscape modification 
during road construction can immediately lessen habitat 
loss and mortality. Although these habitat disturbances 
cannot be completely avoided during road construction, 
it may be possible to limit its ecological significance by 
setting strict limits on the areas to be cleared (Chapter 8). 
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39.2 Roads may filter small mammal 
movements and reduce genetic exchange 


Small mammal species vary in their willingness and 
ability to cross gaps in their habitat (e.g. Goosem 2001). 
Species that naturally forage in or live within open, 
grassy areas (e.g. meadow voles or European rabbits) 
may also do so within road verges. However, many 
small mammal species require overhead or complex 
ground cover and avoid open areas, decreasing their 
likelihood of attempting to cross a road (e.g. woodland 
jumping mouse; see McLaren et al. 2011). For some 
species, this road avoidance has been attributed to the 
road surface and less to traffic disturbance (McGregor 
et al. 2008). In fact, even narrow, unpaved or seldom- 
used roads can still pose a significant threat to small 
mammals (Rico et al. 2007). 

For species that avoid roads or for individuals that are 
killed when attempting to cross a road (Lesson 39.3), the 
road is a barrier to movement, thereby ‘filtering’ out 
individuals that are either killed or otherwise fail to cross 
the road (Fig. 1.2). If individuals from opposite sides of 
a road are prevented from mating and producing off- 
spring, the road creates a genetic subdivision between 
populations (Jackson & Fahrig 2011), reducing the 
genetic diversity of populations and increasing the prob- 
ability of local extinction (Reed et al. 2007; Chapter 14). 
Only a handful of studies have focused on the genetic 
effects of roads on small mammal populations, and 
these have found only a weak genetic subdivision effect 
from the road (Holderegger & Di Giulio 2010), possibly 
due to the large population sizes of the study species 
(Gauffre et al. 2008). Further, multiple studies on the 
same species produced different results, probably due 
to different road attributes such as width or traffic vol- 
ume. For example, one study suggested that a highway 
(>28,000 vehicles per day) was a genetic barrier for 
bank voles (Gerlach & Musolf 2000), whereas another 
did not find any effect on a less travelled road (Redeker 
et al. 2006). These contrasting results of the same 
species at different locations highlight the complexity of 
road-small mammal relationships. 


39.3 The effect of roadkills on small mammal 
population persistence is often unknown 


Small mammals that move slowly or have stationary 
defence responses to threats, such as hedgehogs who 
react to oncoming traffic by ‘freezing’ in place, often have 
high rates of mortality due to WVC (Huijser & Bergers 
2000; Brockie et al. 2009; Lesson 32.2). However, our 
current understanding of the population-level effect of 


road mortality on many small mammal species is 
limited, partly because roadkill rates are usually under- 
estimated due to their low detectability (Santos et al. 
2011), rapid removal by scavengers (Antworth et al. 
2005) or deterioration by passing vehicles (Santos et 
al. 2011). Thus, the actual impact of road mortality on 
population persistence for most species is unknown, 
limiting our ability to infer the significance of the loss 
of individuals to the population. 

Nevertheless, small mammal populations are typi- 
cally highly productive (Golley 1960), so most popula- 
tions are able to sustain a certain rate of mortality 
before the overall population begins to decline. For 
example, the annual, sustainable mortality rate for 
17 small (<1kg) mammal species of conservation 
concern in Australia ranges from 94% to 29% (Hone 
et al. 2010). However, this study assumed that the 
species live in ‘optimal conditions’ (i.e. unlimited food 
and no predation, parasites or competitors; conditions 
that are not found in the wild) and the list of consid- 
ered species was limited to those for which there was 
sufficient data, (i.e. many other species were not 
considered) (Hone et al. 2010). We are not suggesting 
that a certain rate of mortality is justifiable, but rather 
that the population-level effect of road mortality will 
vary considerably among species, habitat quality and 
population size, and that further research focusing on 
the importance of road mortality for small mammal 
population persistence is urgently required. This 
knowledge is even more crucial for endangered species. 
There are approximately 400 small mammal species 
currently classified by the International Union for the 
Conservation of Nature as ‘conservation concern’ or 
worse (IUCN 2012), and some of these species are 
severely impacted by roads, such as the mountain 
pygmy possum (Textbox 39.1). 


39.4 Fenced verges may provide benefits 
for small mammals 


Exclusion fencing can reduce livestock trampling and 
overgrazing to the benefit of many small mammal spe- 
cies (Bilotta et al. 2007; Torre et al. 2007). These fenced 
areas usually have taller and more complex vegetation 
than in adjacent areas, supporting a higher density of 
small mammals that prefer these habitats (Torre et al. 
2007). Fenced road verges may create similar opportu- 
nities for small mammals, provided that the verge con- 
tains suitable habitat (Ascensão et al. 2012), with the 
additional advantages of limited human disturbances 
within verges (Chapter 20). As a result, road verges and 
medians can provide suitable habitat for some species, 
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at times even supporting higher densities than in sur- 
rounding areas (e.g. Ascensao et al. 2012; Ruiz-Capillas 
et al. 2013b). Road verges may also aid the conser- 
vation of endangered species by providing habitat 
(e.g. Cabrera vole, Pita et al. 2006). 

Appropriately designed and maintained fences can 
also prevent some predators of small mammals from 
accessing the road verge (Chapter 20). For example, 
white-footed mice were more abundant in areas with 
roads, as their predators may avoid the roads or their 
access to the road verges was limited by fencing 
(Rytwinski & Fahrig 2007). However, the presence of 
European rabbit within a road verge seemed to attract 
polecats, leading to a higher roadkill rate for the carni- 
vore (Barrientos & Bolonio 2009), yet this relationship 
is not universal, even within the same species (Planillo 
& Malo 2012). In addition, high rates of roadkill of 
predators may lead to relaxed predation of small 
mammals (Chapter 28). Thus, the ability of road verge 
fencing to provide a refuge from carnivore predation 
requires more research. 

Road verges can also serve as corridors for animals 
moving parallel to the road, allowing them to move 
between habitat patches and ultimately improving the 
viability of their population, particularly in fragmented 
landscapes (Huijser & Clevenger 2006; Chapter 46). 
However, the benefit of verges as habitat and corridors 
could also have negative impacts as some invasive 
species may also use verges as corridors, accelerating 
their access to new areas (Brown et al. 2006). To our 
knowledge, no studies addressing this issue for small 
mammals exist, which, given the high number of 
species classified as pests, constitutes a major lack of 
information. 


39.5 Crossing structures for small 
mammals must be optimally located and 
connected to surrounding habitat 


Maintaining connectivity across the road is vital, 
particularly for small mammals whose limited mobility 
increases their risk for local extinctions. Connectivity 
can be facilitated by installing new wildlife crossing 
structures or improving existing structures, including 
wildlife underpasses and overpasses as well as multi- 
use structures, such as drainage culverts (Chapter 22). 
Determining the location and type of crossing struc- 
tures should be decided early during the road planning 
process (Chapters 4 and 9) at least because the pres- 
ence of suitable habitat surrounding the crossing 


structure entrances is critically important for facilitat- 
ing its use by small mammals (e.g. Goosem et al. 2001, 
Lesson 39.1). As with other species, crossing structure 
placement and design should be tailored to the needs 
of the target species, rather than a generic ‘small 
mammal’ strategy. In fact, crossing structure designs 
for species that prefer open or grassy habitats may not 
be suitable for species that prefer dense habitat, for 
example, forests and heathland. Some small mammals 
prefer small tunnels, while others may prefer stream 
channels, and others may prefer large structures (van 
der Grift et al. 2013). Placing items such as logs, rocks 
or other debris inside crossing structures can encour- 
age use by multiple species, particularly those species 
that avoid open spaces (Mata et al. 2009) (Figs 35.5, 
39.1 and 39.2). For passages with standing or moving 
water, raised ledges or shelves that remain above the 
average water depth can provide dry walking surfaces 
for small mammals (Figs 35.6, 35.7 and 39.3). These 
design considerations are relatively inexpensive to incor- 
porate into new structures and can be easily retrofitted 
to existing crossing structures (Meaney et al. 2007). 


39.6 Road verges should be diverse and 
contain natural structure 


Where possible, the verge outside the clear zone should 
be managed to provide suitable habitat for as many 
species of small mammal as possible, especially when 
adjacent land has been cleared. This can be achieved 
by managing the verge for a diversity of cover types 
(i.e. grasses, shrubs and trees) and by retaining as 
much of the pre-existing structural features (e.g. rocks 
and logs) as possible. This diversity and structural com- 
plexity provides more opportunities for foraging and 
escape routes from predators. The road verge should 
be a continuum that incorporates multiple structural 
elements, rather than a uniform and continuous verge 
characterised by an abrupt habitat edge and a strip of 
mowed grass adjacent to the pavement. In general, 
verges of roads through natural areas should be as 
narrow as possible to reduce the amount of habitat 
cleared or modified. 

Ideally, the verge can be enhanced by planting short 
and ubiquitous vegetation (like grasses) adjacent to the 
pavement and increasing plant diversity (including 
height and complexity) with increased distance from 
the road (Fig. 39.4). Such a gradient can support a 
higher diversity of plant communities that can in 
turn support a higher diversity and density of resident 
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9.1 Logs and rocks in this underpass offer cover and protection to small animals. Ideally, the logs and rocks would 


provide continuous cover through the underpass. Source: Photograph by R. van der Ree. 


2 A line of tree stumps as shelter for small mammals, reptiles, amphibians and invertebrates on a small multi-use 


bridge o overpass in the Netherlands. Source: Photograph by R. van der Ree. 


small mammals. Alternatively, management can cre- 
ate patches of different habitats adjacent to the road, 
for example, patches of shrubs or dense patches 
of tall grasses. This strategy however could hinder indi- 
viduals moving parallel to the road but would still be 
more favourable than a tightly manicured swath of 


grass. Management plans should consider potential 
adverse effects, such as increased mortality rates of the 
target and non-target species, including other small 
mammals, as well as predators that may hunt small 
mammals within road verges or as they cross the road 
(Lesson 39.5, Chapter 33). 
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Figure 39.3 Shelves for small mammals on both walls of a 
culvert near Eindhoven, the Netherlands. Source: 
Photograph by R. van der Ree. 


CONCLUSIONS 


A small mammal that crosses a road does not represent 
the significant hazard to a motorist that a larger animal 
might, so there are practically no economic or human 
safety motivations for understanding or mitigating the 
impacts of roads on small mammals. Nevertheless, 
these species are ecologically important, and many are 
threatened with extinction, so mitigation efforts for 
small mammals deserve more attention. Most mitiga- 
tion efforts towards small mammals are easy to imple- 
ment and relatively inexpensive as they can often be 
incorporated into mitigation efforts already planned for 
larger species. Simple mitigation measures include 
reducing landscape modification during road construc- 
tion or upgrades, managing road verges to allow a con- 
tinuum of increasing vegetation complexity from the 
road, providing natural cover leading to crossing struc- 
tures and installing new or retrofitting existing cross- 
ing structures to facilitate small mammal movements. 

Avenues for future research on small mammals and 
roads include the significance of roadkills on popula- 
tion persistence, the role of road characteristics in 
genetic differentiation between populations on oppo- 
site sides of the road and the role of road verges as 
habitat and corridors for small mammals, including 
invasive species. Small mammals are ecologically 
important and require greater attention in both road 
planning and road mitigation strategies, despite the 
challenges associated with studying them. 


Figure 39.4 Schematic of road verge to provide habitat for small mammals, moving from longer grass within the clear zone 
through to shrubs and trees outside the clear zone. The size of each zone will depend on local safety standards and size of the 
right of way, and the exact mix of plant species and other structural elements (e.g. logs, rocks) will depend on the needs of the 
target species and maintenance requirements. Source: Reproduced with permission of Zoe Metherell. 
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Textbox 39.1 Species with unusual breeding patterns require special attention. 


A few small mammal species have unusual breeding 
strategies that depend on seasonal movements whose 
interruption can have drastic consequences for the 
population. For example, the mountain pygmy pos- 
sum (Fig. 39.5) is a small marsupial restricted to three 
small populations in the alpine and subalpine areas of 
south-east Australia (Heinze et al. 2004). Females are 
sedentary and occur at higher altitudes than males. 
Each year, the males migrate upslope to mate and 
then return downslope ensuring that females have 
access to sufficient food to wean their young before 
winter. The construction of the Alpine Way road dis- 
rupted the possums’ annual migration at Mt. 


Higginbotham, preventing the males from migrating 
downslope, resulting in increased densities and 
reduced overwinter survival rates. To remedy this bar- 
rier effect, two small underpasses were installed under 
the road in 1985, allowing individuals to safely cross 
the road and ultimately improved survival rates (van 
der Ree et al. 2009). Unfortunately, subsequent analy- 
ses suggest that while the underpass did restore natu- 
ral movement patterns, they did not completely 
mitigate all of the negative effects of the road, as the 
population still suffered a significant population reduc- 
tion due to alteration in population dynamics (van der 
Ree et al. 2009). 


Figure 39.5 The mountain pygmy possum is one of the most threatened mammals in the world, with approximately 
2000 individuals remaining in the wild. Source: Photograph by and reproduced with permission of Glen Johnson. 


FURTHER READING 


Ascensão et al. (2012) and Ruiz-Capillas et al. (2013b): These 
studies suggest fenced highway verges support higher 
abundance of small mammals by promoting suitable vege- 
tative conditions for the study species. 

Ruiz-Capillas et al. (201 3a): This study suggests small mammal 
activity patterns near a road are more strongly affected by 
the activity patterns of their predators (i.e. red fox that are 
tolerant of the road) than differences in the microhabitat. 

Mader (1984): This study quantified the barrier effect of 
different road classes on the movements of two species of 


forest mice, showing that the barrier effect varied between 
species and that even small forest roads present an obstacle 
to mouse movements. 

McGregor et al. (2008): By translocating individuals, this 
study suggests that small mammals respond more strongly 
to the road surface rather than traffic volume and its associ- 
ated noise and emissions. 

van der Ree et al. (2009): This study evaluated the population- 
level effectiveness of under-road tunnels for the mountain 
pygmy possum and concluded that the tunnel reduced, but 
did not eliminate, the effect of the road. 
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SUMMARY 


Arboreal animals need trees for some or all of their shelter, food and movement. This diverse group of wild- 
life includes mammals, amphibians and reptiles that climb, crawl and glide in trees. Since trees are a critical 
resource, arboreal animals are directly affected by habitat loss from road construction. The susceptibility 
of arboreal animals to barrier effects and wildlife-vehicle collisions (WVC) will depend on their willingness, 
opportunity and ability to cross gaps. Methods to mitigate the impacts of roads and traffic are often unique 


and specific to this group of wildlife. 
40.1 Always avoid clearing trees where possible. 


40.2 Canopy connectivity is important for most arboreal animals. 
40.3 Not all arboreal animals need arboreal crossing structures. 
40.4 Further research on impacts and mitigation for arboreal species is needed. 

Recent studies have quantified the impacts of roads on some arboreal species, primarily mammals, and 
successful mitigation techniques are available. However, further research on the use and effectiveness of 
mitigation strategies for this group is urgently required, particularly for arboreal amphibians and reptiles. 


INTRODUCTION 


Wherever you find trees, you're likely to find arboreal 
animals, a group that includes reptiles, mammals and 
amphibians. Many species of bird and bat also require 
trees, and more specific information about them is 
given in Chapters 33 and 34. Arboreal animals may 
spend all, or only part, of their lives feeding, nesting or 
moving through trees. All depend on trees to some 
extent, but this dependence varies from species that 


never willingly descend to the ground, to those that do 
so frequently and also to those that glide or leap across 
the gaps between trees. Similar to other groups of wild- 
life, the major impacts of roads and traffic on arboreal 
animals include habitat loss, creating a barrier to 
movement and increased mortality through WVC. The 
consequences of these impacts are highlighted in 
Chapter 1 and can lead to local population declines, 
decreased genetic diversity and increased risk of 
extinction. 
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Most arboreal species are too small to cause signifi- 
cant damage to vehicles when struck by traffic (with 
the exception of some larger primates), so mitigation 
is primarily focused on conservation and animal wel- 
fare goals, rather than human safety concerns. Many 
species are endemic, specialised and highly sensitive 
to disturbance from roads and traffic (e.g. Laurance et 
al. 2008; McCall et al. 2010). Furthermore, arboreal 
species are often under pressure due to existing habi- 
tat loss and fragmentation from agriculture, forestry, 
urbanisation, hunting and poaching. Mitigating the 
impacts of roads is critical to conserving these spe- 
cies, especially in landscapes already modified by 
humans. 

In this chapter, we describe the impacts of roads on 
arboreal animals and discuss the key approaches to 
mitigation: minimising habitat loss, maintaining tree 
canopy connectivity and reducing roadkill. 


LESSONS 
40.1 Avoid clearing trees where possible 


Arboreal animals depend on trees but not just any tree 
will do. Many species are particular about the type or 
age of trees that are useful. For example, tree hollows, 
which some arboreal animals use for nest sites, often 
only develop in trees which are greater than 100 years 
old (Gibbons & Lindenmayer 2002). Furthermore, dif- 
ferent tree species form hollows at different rates and 
provide resources (e.g. food) that are preferred by dif- 
ferent species of arboreal animals. Because these rela- 
tionships are complex and often poorly understood, it is 
best to avoid removing trees in the first place, especially 
old trees. 

Detailed mapping of important trees early in the 
planning and design stages of a project can be used 
to select routes that require the fewest trees to be 
cleared. This ‘tree-saving’ approach should con- 
tinue through to the end of the construction phase, 
by not clearing mature trees for temporary infra- 
structure (e.g. construction-site offices) that will be 
decommissioned post-construction or for infra- 
structure that can be easily located elsewhere (e.g. 
utility easements). 

Retaining trees near roads can endanger motorists, 
particularly with species known to drop large branches. 
However, rather than removing the entire tree, con- 
sider removing the dangerous overhanging branches 
and installing guard rails (Figs 17.1, 20.2B) to address 
the safety risk. Important trees that are susceptible to 


windfall during storms can be anchored and secured 
with cables. 

Where tree removal is unavoidable, habitat loss can 
be mitigated through restoration. Revegetation should 
replace what was lost during clearing, using the same 
species and replicating the original habitat structure. 
However, if the primary goal is to restore connectivity, 
consider the use of other species on roadside verges if 
they grow taller and faster or are less prone to windfall 
or dropping branches than the original species. 
Replanted trees can take decades to mature, and addi- 
tional measures, such as providing nest boxes to 
replace hollows or planting fast-growing food species, 
can quickly provide resources and prevent local popu- 
lation declines. Ideally, these measures would be imple- 
mented prior to habitat clearing, so that animals have 
alternative resources immediately available. The 
amount of habitat restoration should at least equal 
that expected to be lost during road construction 
(Chapter 7). 


40.2 Canopy connectivity is important for 
most arboreal animals 


Many arboreal species are so well adapted to treetop life 
that they rarely descend to the ground. These animals 
are ‘gap limited’, meaning they will not or cannot cross 
gaps in tree cover beyond a certain distance. The limit 
depends on the species. For example, the squirrel glider 
in south-eastern Australia regularly glides 30-40m 
and, depending on tree height, has a maximum glide of 
about 70m (van der Ree et al. 2003). Some species 
choose to never move along the ground and require 
connected canopy (Fig. 40.1A). In addition, arboreal 
animals are often slow or awkward when moving 
along the ground and are poor at avoiding traffic and 
predators. Fences that prevent arboreal animals from 
accessing the road and/or funnell them towards cross- 
ing structures are challenging because these species 
are good climbers and many can jump or glide above 
the fence (Chapter 20). Therefore, maintaining canopy 
connectivity directly over the road (Fig. 40.1) or on 
land bridges is probably the most effective approach to 
allow movement across the road, even for species that 
can move across the ground. 

Retaining tall trees along roadsides and within the 
centre median (‘vegetated median’) during construc- 
tion and maintenance can maintain the existing, nat- 
ural canopy connectivity used by arboreal animals 
(Fig. 40.1A). This method is only useful for non-gliding 
species when tree canopy branches overlap and may 
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Figure 40.1 (A) Natural canopy connectivity, (B) glider pole and (C) canopy bridge. Source: (A) Photograph by and 
reproduced with permission of Tom Langen; and (B and C) Photographs by Kylie Soanes. 


not be feasible across wider roads without a sufficiently 
wide centre median. For species that glide or jump, 
trees can provide a set of ‘stepping stones’ if they 
are within gliding or jumping range. Connectivity can 
also be created by planting trees to fill the gaps; 
however, it may take decades before they are tall 
enough to be effective crossing points. A similar 
approach (termed ‘hop-overs’) has been recommended 
for bats (Lesson 34.7), although further research is 
required. 

Crossing structures specific to arboreal animals 
include glider poles and canopy bridges. Glider poles 
are ‘surrogate trees’; tall poles, usually timber, with 
branch-like beams at the top (Fig. 40.1B). These can be 
placed in the centre median and/or the verge and pro- 
vide launching and landing sites for gliding species. 
Glide paths and angles must be carefully calculated 
to ensure that animals stay above the traffic 
(Textbox 40.1). Canopy bridges (Fig. 40.1C) are com- 
monly made of rope, steel or wood, and are suspended 
above the road by timber poles or roadside trees 
(Fig. 40.1C). These bridges should always be linked to 
trees on each side of the road with feeder ropes. The 
stability of canopy bridges should be considered, with 
single strands of rope or wire more likely than ladder 
designs to twist and potentially cause animals to fall, 
especially if spans are long. Canopy bridges can be 
incorporated into existing road infrastructure such as 
overhanging road signs, and both canopy bridges and 
glider poles can be installed on land bridges. 

Do these structures work? A range of species have 
been detected using canopy bridges, glider poles and 
natural canopy to cross roads and other linear infra- 
structure ranging from 6 to 80m wide. Canopy bridges 
of various designs have been used by arboreal and glid- 
ing mammals including possums (Fig. 40.2), gliders, 
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Figure 40.2 A common brushtail possum using a 70m 
canopy bridge to cross a four-lane divided highway in 
south-east Australia. Source: Photograph by R. van der Ree. 


primates, squirrels, martens, lemurs and the dormouse 
(e.g. Valladares-Padua et al. 1995; Bekker 2005; Mass 
et al. 2011; Weston et al. 2011; Goldingay et al. 2013; 
Soanes et al. 2013; Teixeira et al. 2013; Chapter 41). 
Gliding mammals have also been detected using glider 
poles and natural connectivity to cross four-lane 
divided highways and over land bridges (van der Ree et 
al. 2010; Goldingay et al. 2011; Taylor & Goldingay 
2012; Kelly et al. 2013; Soanes et al. 2013). These 
structures are being used all over the world, however 
much of the monitoring work remains unpublished. 
The effects on population size, mortality rates and gene 
flow have yet to be assessed. While there is one pub- 
lished account of a lace monitor using a canopy bridge 
to cross a road (Soanes & van der Ree 2009), no studies 
have focused specifically on arboreal amphibians or 
reptiles. 
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Textbox 40.1 Getting the glide right. 


To design effective crossing structures for gliding ani- 
mals, we need a good understanding of their physical 
ability. This means knowing not only how far they can 
glide but also the glide ratio (i.e. how much height is lost 
for every unit of horizontal distance they travel). This tells 
us how far apart our glider poles (or trees, for natural 
connectivity) need to be and the necessary launch and 
landing heights to keep animals above traffic. Poorly 
designed poles could increase roadkill if a large number 
of animals collide with vehicles because they can’t 
make the distance or miss poles that are too narrow. It’s 


helpful when planning to use schematic diagrams 
to ensure that measurements are correct and poles are 
positioned effectively. For example, Figure 40.3 shows a 
set of glider poles over a four-lane divided freeway in 
south-east Australia. These were installed for the squir- 
rel glider, a small, gliding marsupial with a glide ratio of 
2.5:1 (distance/height) (Jackson, 2000). Based on the 
height of the existing roadside trees, poles were required 
in the centre median and roadsides. Note that minimum 
glide trajectories were to be at least three metres above 
traffic height. 


clearance above 
vehicles 


Figure 40.3 The spacing and height of glider poles are dependent on the glide capability of the target species, and glide 
angles must be calculated for each installation to ensure glides are well above the height of traffic. Source: Reproduced 
with permission of Scott Watson. 


40.3 Not all arboreal animals need 
arboreal crossing structures 


Arboreal-specific crossing structures may not work 
equally well for all species of arboreal animals (e.g. 
Chapter 41). Heavier animals, such as large primates, 
may avoid crossing long, narrow canopy bridges, while 
other species, such as some species of squirrel or pos- 
sum, readily descend to the ground. However, if these 
species do not avoid roads or traffic disturbance and 
there is no exclusion fencing to prevent them from 
crossing the road, they risk being killed by traffic. A 
major challenge is the design of fencing that will 
exclude good climbers, and options include the use of 
smooth surfaces and floppy or overhanging tops 
(Fig. 20.4). Effective exclusion fencing combined with a 
wildlife underpass will keep some arboreal species off 


the road and provide connectivity. In these cases, it is 
best to fit underpasses with branch-like ‘furniture’, pro- 
viding a preferred substrate for movement and opportu- 
nities to escape from terrestrial predators. The adjacent 
roadside should also have adequate cover to allow arbo- 
real animals to safely access the crossing structure. 


40.4 Further research on impacts and 
mitigation for arboreal species is needed 


While the broad impacts of roads on arboreal mam- 
mals are fairly well understood, there is still much to 
learn. Key areas for further research include: 

e Quantifying the specific impacts of roads and traffic 
on arboreal mammals and all impacts on arboreal rep- 
tiles and amphibians. 
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e Factors influencing the rate of crossing structure 
use (e.g. design features, adjacent habitat, traffic 
volume). 

¢ The effectiveness of arboreal crossing structures for 
arboreal amphibians and reptiles. 

e Species preference for different crossing structure 
types (e.g. canopy bridges, glider poles, natural canopy 
or underpasses). 

¢ The maximum road width and traffic volumes that 
can be mitigated using crossing structures. 

* Population-level effects of crossing structures (e.g. 
population size, survival rates, gene flow and predation 
(Textbox 40.2, Fig. 40.5)). 

e The ability of habitat restoration actions (e.g. nest 
boxes, replanting) to compensate for habitat loss. 
Finally, researchers should be encouraged to publish 
results from monitoring studies, so that others can 
learn from their work. 


Textbox 40.2 Airborne predators. 


If a particularly wise owl or eagle learns that it can catch 
an easy meal by waiting near a canopy bridge or glider 
pole, then crossing structures may not be such a safe 
place for arboreal animals. To date, there have been 
no records of predators systematically using such 
crossing structures to get an easy meal, but it’s still a 
possibility (Chapters 23 and 35). Providing shelter on 


CONCLUSION 


The best approach to prevent road impacts on arbo- 
real animals is to avoid placing roads through 
wooded habitats. Where that is not possible, priori- 
ties should include strategies to minimise the width 
of the road and number of tall trees removed, 
thereby maintaining natural canopy connectivity, 
and where feasible, install barrier fencing to reduce 
roadkill. Retaining natural canopy connectivity or 
installing crossing structures such as canopy 
bridges, glider poles or underpasses can allow arbo- 
real animals to safely cross roads. The best approach 
to mitigation depends on whether animals prefer 
to move through the tree canopy or across the 
ground. Lastly, any residual effects should be offset 
(Chapter 7). Future research should evaluate popu- 
lation-level effects, determine design limitations (e.g. 


the structures, for example, refuge tubes (Fig. 40.4), or 
making the structure more complex can give animals 
somewhere to hide if needed. Even if predation does 
occur, it will only reduce the effectiveness of a crossing 
structure if the number of animals eaten while crossing 
is higher than the number of animals that would have 
been killed by vehicles if the structure was not installed. 


Figure 40.4 PVC tubes on glider poles provide protection for arboreal animals, in this case squirrel gliders, from aerial 
predators. Camera for monitoring and antenna to transmit images are also shown. Source: Photograph by R. van der Ree. 
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Figure 40.5 Logs and ropes provide refuge for tree kangaroos from terrestrial predators in this underpass on the Atherton 


Tablelands, Australia. Source: Photograph by R. van der Ree. 


what is the maximum length of an effective canopy 
bridge?) and include studies of arboreal amphibians 
and reptiles. 


FURTHER READING 


Goosem (2007) and Laurance et al. (2009): Both provide 
comprehensive reviews of the effects of roads and associ- 
ated habitat fragmentation on rainforest communities, 
with specific reference to arboreal species and potential 
mitigation methods. While these reviews focus on rainfor- 
est habitats, the lessons can be applied to other forest types. 

Soanes et al. (2013): This study shows that a gliding marsu- 
pial will use canopy bridges, glider poles and natural can- 
opy connectivity to cross a four-lane divided freeway that 
was previously a barrier to movement. This research also 
demonstrates the importance of longer-term before—after— 
control-impact research when evaluating the effectiveness 
of wildlife crossing structures. 

Taylor and Goldingay (2009): This research used population 
viability analysis to show that crossing structures which 
facilitate even small amounts of movement over roads can 
significantly reduce the risk of extinction in gliding mam- 
mal populations. 
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Diani is an international tourist destination located on 
the south coast of Kenya. It is known for its beautiful 
white sand beaches, world-class beach hotels and the 
coral rag forest. The forest forms part of the Coastal 
Forests of eastern Africa ecosystem, noted as one of the 
top 25 global biodiversity hotspots by Conservation 
International. Remarkably, four monkey species (colo- 
bus, Sykes’, vervet and baboon) — with a combined 
population of just over 1400 individuals — live within 
the 7 km? suburban setting. 

In 1971, the Diani Beach Road was built and sealed 
to 10m wide, bisecting the pristine forest. For the first 
time, the public had vehicle access to the area, and by 
1996, noticeable numbers of monkeys were being 
injured or killed on the road due to wildlife-vehicle 
collision (WVC) (Fig. 41.1). As a response to a public 
outcry on this issue, Colobus Conservation (formerly 
Wakuluzu: Friends of the Colobus Trust), a primate and 
forest conservation organisation, was established. 

To address the issue of primate injury and death 
caused by WVC, the Colobus Conservation installed the 
first canopy bridge in 1997 — locally known as a ‘colo- 
bridge’ (Fig. 41.2). By 2013, 28 bridges had been 
erected at mortality hotspots along the 10 km stretch 
of road, funded by the local community and interna- 
tional donors (35 and 65%, respectively). 


A preliminary study in 2011 assessed traffic vol- 
ume along the Diani Beach Road and rate of use of 
the canopy bridges (Colobus Conservation, unpub- 
lished data). Each of the 28 bridges was monitored 
continuously from 06:00 to 18: 00h for 2 days over 
several months. Daily traffic volume was approxi- 
mately 2600 vehicles with an average of 800 pri- 
mate crossings per day across the 28 bridges. Sykes’ 
monkeys used the bridges most often (673 crossings 
per day), followed by the typically ground-foraging 
vervets (91 crossings per day) and the arboreal 
colobus (35 crossings per day); baboons were not 
observed using the bridges (Fig. 41.3). The rate of 
use of each bridge by different species was also 
highly variable (Fig. 41.4), with 7, 10 and 25 bridges 
used over the 2-day survey period by vervets, colo- 
bus and Sykes’ monkeys, respectively. 

We speculate that bridge location (e.g. adjacent to 
good habitat or at traditional crossing locations) is 
critical for attaining high rates of use. Specifically, a 
route through the tree canopy that funnels animals 
towards the bridge is important as monkeys do not 
change direction or climb trees in order to use a 
bridge. It is important to note that canopy bridges 
may not be used by larger primates or those of a ter- 
restrial nature. 
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Figure 41.1 Adult Sykes’ female with infant killed by a car on the Diani Beach Road. Source: Photograph by Andrea 
Donaldson. 


Figure 41.2 Diani Beach Road with Sykes’ monkeys on a colobridge. Source: Photograph by Andrea Donaldson. 
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Figure 41.3 Population size (as a proportion of the total primate population in Diani (n= 1421), black columns) and rate of 
use of 28 colobridges (as a proportion of total daily crossings (n= 800), clear columns), recorded during two days in 2011. 
Sykes’ monkeys used the bridges more than expected, while baboons and colobus used them less than expected (X? = 292.4, 2df, 
p<0.001). 
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Figure 41.4 Average daily crossings on colobridges in 2011 for (A) colobus, (B) Sykes’ and (C) vervet. Baboons were not 
observed using bridges. Note the y-axis scale differs among graphs. 


Between 1999 and 2012, 518 monkeys were injured 
or killed by vehicles on the Diani Beach Road. This is 
approximately a 3% loss in the local primate population 
annually. Though no data is available on primate road 
injury or mortality prior to our colobridge installations, 
we believe that bridge use represents a significant 
reduction in risk of mortality for each crossing event. 


For more information on considerations for build- 
ing a colobridge, please see http://www.colobuscon 
servation.org/index.php/conservation/151-colo 
bridges. 

For a guide on how to build a colobridge, please see 
http://www.colobusconservation.org/index.php/ 
conservation/159-how-to-build-a-colobridge. 
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SUMMARY 


Large herbivores occur around the world and are often in conflict with roads and vehicles. Large herbivores 
are plant eaters and are generally hooved (e.g. deer, moose, elephant and buffalo) but also include kangaroos. 
All play important roles in ecosystem functioning. These are the animals typically involved in most reported 
wildlife-vehicle collisions (WVC), which have significant costs to human society and wildlife populations. 
It is important that transportation planners seek to avoid, minimise or mitigate these collisions in order to 
protect motorists and large herbivore populations. 

42.1 Large herbivores need connectivity across the landscape because restriction of their movements by 
roads and vehicles will impact wildlife populations, ecosystems and humans. 

42.2 Wildlife-vehicle collisions often involve large herbivores and cause large-scale costs to human 
societies; documenting WVC and their costs is the first step in preventing them. 

42.3 Mitigating vehicle and road effects on large herbivores requires long-term transportation planning. 
42.4 The type and size of wildlife crossing structures for large herbivores can be partly based on the 
North American and European experiences. 

42.5 The placement of wildlife crossing structures for large herbivores should be based on animal size, 
their movement patterns and transportation constraints. 

42.6 Additional mitigation measures include driver warning systems and vegetation management. 
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It is important to consider large herbivores when planning and managing road networks because of their 
need for frequent and often large-scale movements, their large size which makes WVC dangerous to motor- 
ists and their important role in ecosystem function. 


INTRODUCTION 


Large herbivores need to move across the landscape 
to access food, water, shelter and mates as they 
become seasonally available. These movements can 
vary from several to thousands of kilometres and 
invariably bring animals into conflict with roads, 
railways, utility easements and vehicles. These inter- 
actions can restrict movement and cause mortality 
due to wildlife-vehicle collision (WVC) and endanger 
local populations and the entire species (Chapter 56), 
which in a cascade of effects can jeopardise ecosys- 
tems. In this chapter, large herbivores are defined 
as large mammals that eat plants. Most are hooved 
(i.e. ungulates) and include deer, antelope, horses, 
swine, elephants and llama, and those without hooves 
include kangaroos. Large herbivores are drivers of 
ecosystem processes (Hobbs 1996); they help recycle 
nutrients, promote grassland plant diversity and act 
as prey for carnivores. They are valuable to humans 
as harvestable food sources and income. They also 
serve as potential flagship species for landscape-level 
conservation, becoming the symbols of large-scale 
ecological areas and processes in need of protection 
(Thirgood et al. 2004). 

Large herbivores are the animals most often involved 
in reported WVC. Collisions with these animals pose a 
danger to motorists; more than 500 humans died in 
Europe in 1996 in collisions with ungulates (Groot- 
Bruinderink & Hazebroek 1996). As a result, large 
herbivores in many parts of the world are the focus of 
mitigation to avoid WVC, thus protecting wildlife and 
humans. For example, there are over 700 wildlife 
crossing structures across roads for deer, moose and elk 
in North America (Bissonette & Cramer 2008). The 
goals of this chapter are to explain why large herbi- 
vores need to move, demonstrate that the effects of 
roads and WVC on herbivore populations and society 
can be costly and provide solutions to safely maintain 
the movement of large herbivores across transporta- 
tion corridors. 


LESSONS 


42.1 Large herbivores need connectivity 
across the landscape because restriction of 
their movements by roads and vehicles will 
impact wildlife populations, ecosystems and 
humans 


The daily and seasonal travels of large herbivores 
were once ubiquitous across continents, but their 
populations and movements have declined as human 
activity has expanded. Landscape connectivity is 
particularly important for migratory species, where 
all individuals within a population must undertake 
movements across landscapes. Roads, other linear 
features and vehicles can threaten connectivity by 
causing mortality through WVC, reducing the 
amount and quality of habitat, fragmenting habitat, 
restricting or preventing movement and causing 
animals to avoid areas near roads (Jaeger & Fahrig 
2004). In turn, the sizes of these affected populations 
can decrease to levels that influence population 
persistence and ecosystem integrity and affect the 
human populations that rely on them for food and 
other resources. 

Large herbivores that migrate long distances or 
remain as local residents can be affected by roads and 
railways. Roads can hinder animal movements, or 
the animals can be attracted to roads to feed on road- 
side vegetation or de-icing salts, thus making them 
more susceptible to WVC. Certain large herbivores 
migrate thousands of kilometres annually and may 
do so in herds numbering hundreds to thousands of 
individuals (e.g. Sawyer et al. 2005; Chapter 56). 
Large herbivores that do not migrate may also be 
subject to road effects. White-tailed deer in North 
America typically reside within several hectares, 
often living among humans and roads, thereby 
increasing the risk of WVC. There were an estimated 
1.2 million deer—vehicle collisions reported to insur- 
ance companies in the United States during the 
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12 months from July 2012, the majority being with 
white-tailed deer (State Farm Insurance 2013). 
Eastern grey kangaroos are common in parts of 
Australia, and thousands are involved in WVC annu- 
ally (e.g. Coulson 1982; Klocker et al. 2006), although 
reliable estimates are lacking. 

Providing connectivity across roads for large herbi- 
vores is important because individual animals, popula- 
tions of animals and ecosystems suffer if wildlife are 
confined to one side of a road. For example, migratory 
ungulates stabilise ecosystems by acting as keystone spe- 
cies (Kie & Lehmkuhl 2001). They are important to main- 
tain plant and animal diversity (Chapter 56) and, if 
confined to an area, may overgraze the vegetation and 
cause crashes in the animal populations (Christianson & 
Creel 2009). Therefore, maintaining connectivity across 
infrastructure is important for large herbivore popula- 
tions and the ecosystems they rely upon, which in turn 
are dependent on them. This connectivity is also crucial 
to humans that rely on large herbivores for food and 
income from hunting and wildlife viewing. 


42.2 Wildlife-vehicle collision often 
involve large herbivores and cause 
large-scale costs to human societies; 
documenting WVC and their costs is the 
first step in preventing them 


The cost of WVC with large herbivores is high and 
includes human injury and death, vehicle repair costs 
and the loss of wildlife populations (Table 42.1). In 
many cases, it is cost-effective to install mitigation 
(i.e. fencing and crossing structures) to prevent WVC 
with large herbivores (e.g. Huijser et al. 2009). While 
the construction costs of mitigation may be high, the 
reduction in the direct and indirect costs of WVC 
soon outweighs the initial investment. It is therefore 
important to document the number of collisions with 
large herbivores and the associated costs and use a 
cost-benefit analysis (see Huijser et al. 2009) to dem- 
onstrate the potential benefits of future mitigation. 


Documenting the location and rate of WVC is a criti- 
cal first step to develop a strategy to prevent them. 
Unfortunately, more than half of the WVC with large 
herbivores in Sweden are not reported (Seiler 2004); 
and counts of large herbivore carcasses from WVC 
are often more accurate than reported accidents. 
For example, in Virginia, United States, transportation 
agency staff found over nine times more white-tailed 
deer carcasses along roads than documented by crash 
reports (Donaldson & Lafon 2010). WVC and their costs 
are also documented by insurance agencies. In 2008, 
approximately 60,000 deer—vehicle collisions in Canada 
were reported to insurance companies (Sielecki 2013). 
The total annual cost of these collisions in Canada 
was CAD$400 million (L-P Tardif & Associates 2006). 
The 1.2 million deer—vehicle collisions in the United 
States reported to insurance companies were estimated 
to cost over US$4 billion in the 12 months from July 
2012 (State Farm Insurance 2013). In Europe in 1996, 
Groot-Bruinderink and Hazebroek (1996) estimated 
that 30,000 people were injured in over 500,000 ungu- 
late-vehicle collisions, which cost over one billion Euros 
in material damage. In Japan, the number of WVC in 
1998 was estimated to be as high as 370,000 (Saeki & 
MacDonald 2004). With such high rates of WVC, the 
added costs of avoiding high-risk areas or installing 
mitigation — either on new roads or to retrofit on existing 
roads — may be a cost-effective solution. 


42.3 Mitigating vehicle and road effects on 
large herbivores requires long-term 
transportation planning 


A key to reducing WVC with large herbivores is to 
consider their movement needs early (5-20 years) in 
the transportation planning process (Chapter 9). This 
is necessary for all projects, including new roads as 
well as maintenance and upgrades. Planners should 
consult species experts (Chapter 9), data and maps of the 
occurrence and movement patterns of large herbivores, 
as well as analyses of WVC data to identify potential 


Table 42.1 Estimates of average financial costs of WVC with large herbivores. 


Species Monetary cost Location 

Moose US$30,773 United States 
Moose €34,426 Sweden 

Mule deer US$3,085 Utah, United States 
Mule deer US$8,388 United States 

Roe deer €4,360 Sweden 


Reference 


Huijser et al. (2009) 

Swedish National Road Administration (2013)? 
Bissonette et al. (2008) 

Huijser et al. (2009) 

Swedish National Road Administration (2013)? 


a Average cost for a WVC when travelling at 100km/h, in 2010. 


collision and mortality hotspots. Where collision and 
mortality data are absent, it should be collected or mod- 
els built using data from similar landscapes or locations 
elsewhere and applied to the road in question. 

The mitigation hierarchy is to (i) avoid development 
in ecologically sensitive areas and areas with no roads 
or roads with low traffic volumes, (ii) minimise impacts, 
(iii) mitigate impacts and (iv) offset or compensate any 
residual impacts (Chapter 7). Every opportunity to 
improve existing infrastructure for large herbivores 
should be considered, especially when existing struc- 
tures are being replaced or the road upgraded (Cramer 
et al. 2011; Kintsch & Cramer 2011). Predicting 
areas crucial for large herbivores and where they may 
cross transportation corridors involves the use of maps 
of wildlife critical habitats and linkage areas. These 
maps are created through a collaborative effort of mul- 
tiple agencies and jurisdictions because of the often 
large-scale movements of large herbivores (Chapters 
4, 9 and 13). These maps will help to identify areas that 
are to be avoided for ecological reasons, especially if 
mitigation is expensive, logistically impossible or likely 
to be ineffective, such as the likely ineffectiveness of 
crossing structures to facilitate the migration of 
100,000 wildebeest across the Serengeti (Chapter 56). 
Documenting WVC carcasses on existing roads can 
help identify areas where large herbivores need to move 
across roads. These may not be the only locations 
important to large herbivore movements; there are 
areas where animals move across roads with low rates 
of WVC or where they avoid roads all together but need 
to cross. For example, pronghorn antelope in North 
America are typically impeded by roads and fences, and 
their need to move is underrepresented by WVC (Dodd 
et al. 2011; Theimer et al. 2012); thus, knowledge of 
their movement needs is not gained from WVC data. 
Comprehensive research and monitoring of the wildlife 
in the area of concern should be an integral part of the 
planning, construction, and post-construction moni- 
toring of wildlife mitigation. 


42.4 The type and size of wildlife crossing 

structures for large herbivores can be partly 
based on the North American and European 

experiences 


Appropriately designed wildlife crossing structures 
with fencing are the most effective way to keep many 
species of wildlife off the road and to facilitate connec- 
tivity (Hedlund et al. 2004). An important considera- 
tion for large herbivores is their role as prey; they need 
to avoid predators when using crossing structures. 
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Structures which are more open than confined work 
best for these species. 

Most crossing structures for large herbivores are 
underpasses; however, overpasses are increasingly 
being used (Chapter 21). The type and size of under- 
passes vary (Chapter 21) and, if large enough, are 
suitable for many species (Fig. 42.1A-E), including 
elephants (Fig. 43.2). Open-span bridge underpasses 
have higher success rates than culverts for mule deer 
and elk in Utah, United States (Cramer 2012, 2013; 
Fig. 42.1D), and may be the only option for more 
cautious large herbivores. The more wary species that 
need specific landscape features such as desert 
bighorn sheep in Arizona, United States, and prong- 
horn antelope in Wyoming, United States, have the 
highest successful crossing rates on wildlife overpasses 
(Gagnon et al. 2013; Sawyer & LeBeau 2013; 
Fig. 43.1F, G and H). While several individuals of a 
wary population may use underpasses, it is overpasses 
that appear to allow entire populations to cross the 
road (Fig. 42.1H). While these broad recommenda- 
tions are helpful, rigorous research is necessary to 
determine a species’ preference for the type and size of 
crossing structures (Chapter 10). 

The dimensions of crossing structures influence use 
by large herbivores. Besides physical size constraints, 
herbivores are prey species and unlikely to use struc- 
tures that they perceive may leave them vulnerable to 
predators. The most basic recommendation to maxim- 
ise successful crossing rates by large herbivores is to 
keep the structure as short and as tall and wide as pos- 
sible. Cramer (2013) and Schwender (2013) found 
that shorter underpasses in Utah, United States, had 
higher success rates for mule deer than longer ones. 
They recommended that underpasses be less than 
43m in length to ensure mule deer success rates of 
70% or more and that height of structures was less 
important than width. Bridges were also more success- 
ful in passing large herbivores than culverts in Utah, 
United States (Cramer 2013), which may hold true for 
other large herbivores as well. Interestingly, the width 
and height of underpasses were more important than 
length in predicting the number of crossings by moose 
through conventional bridges and culverts in Sweden 
(Olsson & Seiler 2012). They estimated that under- 
passes wider than 23 m were likely to be used by moose 
at the same frequency with which they were detected 
on reference track beds close to the underpass. Wider 
crossing structures provide large herbivores with 
escape routes to evade predators (Chapter 36). In areas 
where native predators have been extirpated, the prey 
species may tolerate more constrained openings 
(Cramer, personal observations), but further research 
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e 1 (A) White-tailed deer use underpass in Montana, United States; (B) moose use underpass in British Columbia, 
Canada; (C) eastern grey kangaroos use underpass in Australia; (D) mule deer using bridge underpass in Utah, United States; 

(E) underpass for Sitka deer, Hokkaido, Japan; (F) elk use overpass in Utah, United States; (G) desert bighorn sheep on overpass in 
Arizona, United States; (H) pronghorn antelope use overpass in Wyoming, United States. Source: (A) Photograph by P. Cramer 
and Montana DOT; (B) Photograph by and reproduced with permission of AECOM Ministère des Transports du Québec, Québec, 
Canada; (C) Photograph by R. van der Ree; (D) Photograph by P. Cramer and Utah DOT; (E) Photograph by L. Sielecki; 

(F) Photograph by P. Cramer and Utah Division of Wildlife Resources; (G) Photograph by and reproduced with permission of 

J. Gagnon, Arizona Game and Fish; and (H) Photograph by and reproduced with permission of Wyoming Dept. of 
Transportation and West, Inc. 


is required. Importantly, efforts to reintroduce top- 
order predators to restore ecosystem functions mean 
that crossing structures in these landscapes should be 
designed as if the predators still occur. Height may be 
the least important dimension of an underpass 
(Cramer 2013), but minimum thresholds will apply. 

There has been a significant amount of mitigation 
and research in North America and Europe to quantify 
the preferences of large herbivores for wildlife crossing 
structures (Cramer et al. 2011). Transportation agencies 
should adopt a more experimental approach to mitiga- 
tion generally (Chapter 10), ensuring sufficient resources 
are available for evaluating the success of mitigation and 
adopt an adaptive management approach to mitigation. 
In addition, research is urgently required to determine 
preferences outside of North America and Europe and to 
refine recommendations for crossing structures for com- 
mon species. 


42.5 The placement of wildlife crossing 
structures for large herbivores should be 
based on animal size, their movement 
patterns and transportation constraints 


The placement and spacing of crossing structures for 
large herbivores should be based on the species’ size, 
the distance and location of their daily and seasonal 
movements and transportation-related constraints. 
The placement of crossing structures should be 
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determined collaboratively with species experts and the 
planners, designers and engineers (Chapter 9). Once 
wildlife habitat maps have been referenced for general 
areas where wildlife movements are bisected by roads, 
pinpointing the optimal locations of crossing structures 
and their spacing requires data on wildlife, existing 
structures and potential locations for new structures. 
Wildlife crossing structures and modified existing struc- 
tures should be placed where large herbivores are known 
to move and if possible in conjunction with waterways 
and other natural features. Drainage structures can 
often be cost-effectively adapted (for new structures) and 
modified (for existing structures) for large herbivore 
passage. These actions may be as simple as removing 
large rocks to provide clear pathways (Fig. 42.2) or 
including dry banks under bridges that span waterways. 
Other changes to existing and future structures can be 
made to increase the likelihood of large herbivores 
finding and using them. If the structures are intended to 
be multi-use structures, they still must be sufficiently 
effective for wildlife so that the effectiveness is not com- 
promised (Chapters 21 and 22). The spacing will depend 
on whether movement is required on a daily or seasonal 
basis and is discussed further in Lesson 21.6. 

Wildlife exclusion fencing is typically required to 
prevent wildlife from accessing the road and to funnel 
them towards crossing structures (Chapter 20). Fences 
need to be designed for the target species, and ungulate 
fences in North America are typically 2.4m tall. 
Fencing has been shown to significantly increase the 


Figure 42.2 White-tailed deer move through an underpass in Montana, United States, with a pathway cleared through large 


rocks Source: Photograph by P. Cramer and Montana DOT. 
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Figure 42.3 Use of a pair of multi-use box culverts by mule deer under Interstate 70 in Utah, United States, increased 
significantly after the installation of wildlife fencing. Red columns represent approaches by deer, and blue columns complete 


crossings. Source: Cramer (2014). 


rate of crossing by large herbivores in the western 
United States (Fig 42.3; Dodd et al. 2007; Cramer 
2013; Chapter 20). 


42.6 Additional mitigation measures 
include driver warning systems and 
vegetation management 


Wildlife crossing structures and fencing can effectively 
prevent WVC and maintain connectivity for large 
herbivores. In situations where crossing structures 
and fences are not feasible, additional options such as 
warning signs, wildlife detection systems and vegeta- 
tion management may reduce the risk of WVC. Signs 
and detection systems aim to educate motorists of the 
risks and presence of wildlife on or adjacent to the 
road, but the effectiveness is variable (Chapter 24). 
On-board detections systems are an emerging infrared 
system that detects body heat of animals (and pedes- 
trians) on the road and alerts drivers to the danger 
(Autoliv 2014). These systems, currently only availa- 
ble in luxury vehicles, require a contrast between the 
ambient heat and that of the animal and therefore 
work best at night or in cold climates. The goals of 
vegetation management are to make roadsides less 
attractive to large herbivores and increase visibility 
for both drivers and wildlife. Furthermore, vegetation 
along the verge and median should be unpalatable to 
discourage grazing (e.g. Textbox 46.1). Other approaches, 


such as whistles and reflectors, which are purported 
to disturb and repel wildlife from the roadway, are 
ineffective (Chapter 25). 


CONCLUSION 


Large herbivores are important to natural systems 
and human populations. Accommodating the needs 
of large herbivores in transportation systems is criti- 
cal to the healthy functioning of natural ecosystems 
and human safety. The most effective mitigation 
option is to avoid building new roads or widening 
existing roads in places that still support populations 
of large herbivores. Where avoidance and minimisa- 
tion is not possible, the installation of crossings struc- 
tures with wildlife fencing is the next most effective 
approach, which is often also cost-effective. Retrofits 
of existing culverts and bridges can also help move 
large herbivores beneath roads. Less costly but also 
often less effective mitigation options include signs, 
wildlife detection systems and vegetation manage- 
ment. Failures in mitigation efforts for large herbi- 
vores are very obvious to the public and can be deadly 
to motorists. The design of mitigation measures for 
areas outside of North America and Europe can ini- 
tially be based on the results of monitoring from these 
two regions. Ultimately, the success of mitigation for 
large herbivores will depend on quality research and 
adaptive management of infrastructure. 


FURTHER READING 


Allison (2012): The film ‘Highway Wilding’ is an excellent 
entry-level introduction to the issue of WVC, wildlife 
mortality and options for mitigation. 

Bissonette and Cramer (2008): A national study and review 
of the use and effectiveness of wildlife crossing structures in 
the United States. 

Beckman et al. (2010): An accessible and wide-ranging book 
with a North American focus on the impacts of roads and 
traffic and the options for mitigation. 

Groot-Bruinderink and Hazebroek (1996): An early publica- 
tion quantifying the rates of WVC with ungulate in Europe. 

US Fish and Wildlife Service (2010): This movie, Innovative 
Approaches to Wildlife Highway Interactions, targeting 
transportation agency staff, provides a range of state-of- 
the-art examples of mitigation projects from the United 
States. It includes an online instructional manual. 
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Chapter 43 


CASE STUDY: THE MOUNT 
KENYA ELEPHANT 
CORRIDOR AND 


UNDERPASS 


Susie Weeks 


Mount Kenya Trust, Nanyuki, Kenya 


Mount Kenya is Africa’s second highest peak and is an 
important source of water for agriculture and hydro- 
electricity. It is also important for tourism and biodiver- 
sity conservation, with unique Afro-Alpine forests and 
bamboo zones which give way to shrubs, giant lobelia, 
grasses and heather on the moorlands beneath glacier- 
clad peaks. Its biodiversity and cultural heritage are 
internationally recognised, and the mountain is a 
National Park, a Man and Biosphere Reserve and a 
World Heritage Site. The fertile lower slopes of Mount 
Kenya are important for agriculture. 

Historically, elephants moved between Mount Kenya 
and the Ngare Ndare Forest and the lower drier coun- 
try to the north. These daily and seasonal movements 
are now restricted by farms, fences and roads, leading 
to increased rates of human—wildlife conflict, particu- 
larly crop raiding by elephants. For example, 28 reports 
of crop damage by elephants were recorded between 
Ontulili and Kibirichia on the western side of the moun- 
tain in 2005 (Kenya Wildlife Service, unpublished data). 
Fences have been installed to protect crops and prevent 
the need to cull problem elephants. Consequently, the 
Laikipia/Samburu elephant populations (Fig. 43.1) 
which were once continuous with the Mount Kenya 
population are now isolated from each other. 

Elephants still need to move across their original habi- 
tat, and so the idea of building a fenced corridor between 


the northern forests of Mount Kenya and the Ngare 
Ndare Forest Reserve was born. The two main obstacles 
in constructing this corridor were obtaining the land 
and crossing the A2, a national single-lane highway 
with approximately 1000 vehicles per day (2006 data). 
Two large farms (Mariana and Kisima) on either side of 
the A2 donated the land for the corridor and the local 
community set about solving the challenge of allowing 
elephants to safely access and cross the A2. 

A key to the project’s success was that it was led by a 
group of strong local champions. The Mount Kenya 
Trust spearheaded the planning of the project, with 
assistance from the farms adjoining the corridor, 
the Lewa Wildlife Conservancy, the Ngare Ndare Forest 
Trust and a number of other non-government organi- 
sations (NGOs). Using data from the ‘Save the 
Elephants’ organisation, the movement of one particu- 
lar elephant was used to identify the location of the 
corridor and A2 crossing. Furthermore, a detailed fea- 
sibility study, an EIA and a survey of road-crossing 
behaviour of elephants were commissioned by the 
Mount Kenya Trust between 2005 and 2007. 

The members of the planning team understood 
elephant movement behaviour and effective elephant 
fences, but had no experience of wildlife crossing 
structures for elephants. Overpasses and underpasses 
were both initially considered, but the topography of 
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Figure 43.1 Location of the elephant corridor and underpass beneath the A2 Highway between the Mount Kenya National 
Reserve and the Ngare Ndare Forest Reserve, Kenya. Source: Map by Susie Weeks, Mount Kenya Trust. 


the area best facilitated an underpass. The choice to con- 
struct an underpass was confirmed when elephants 
were observed using a culvert in KwaZulu-Natal, South 
Africa. 

The Kenyan government was unable to provide any 
funds for the corridor or underpass so the Mount Kenya 
Trust began fundraising after obtaining permission to 
build the underpass in 2008. Tenders were released, 
and the total project cost was estimated at approxi- 
mately US$1 million (2011), with one third for the 
underpass and the remaining two thirds for 28km of 
full ‘game-proof’ fencing and housing for the corridor 
maintenance team. Ongoing costs to maintain the 
corridor fences are raised each year. 

The underpass was opened in December 2010 and 
it was used by an elephant (now known as Tony) on 


the first night. Data from remote cameras and direct 
inspections indicate over 300 crossings by elephants 
within the first year of use (Mount Kenya Trust, 
unpublished data) (Fig. 43.2). While this number 
includes multiple crossings by the same individuals, it 
exceeds the 15 crossings made at grade, recorded in the 
year prior to construction. 

A range of strategies to encourage the use of the 
corridor and underpass by elephants was suggested 
during the planning phase, including the spreading of 
dung and urine of cows in oestrus at the entrances, as 
well as installing temporary pools of water, placing of 
crop waste as a food source and planting palatable 
plant species. Dung was placed in the area the day the 
fences were connected and underpass opened, and 
Tony used the underpass the following day. The extent 
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Elephants using the underpass beneath the A2 Highway, Kenya. Source: Photograph by Susie Weeks. 


(B) 


(A) The elephant corridor (running left to right) crossing a rural road and (B) a close-up of electrified wires that 
are suspended above the road to act as a curtain to discourage elephants from leaving the corridor and walk along the road. 


Source: Photographs by Susie Weeks. 


to which the dung encouraged Tony to enter the 
underpass is unknown, but it probably helped. The 
culvert under the A2 (12m long, 4.5m high and 6m 
wide) proved sufficiently large for elephant. However, 
evidence from India suggests that elephants are sensi- 
tive to the size of underpasses. In Rajaji National Park, 
tunnels (111m long x 5m wide x 5m tall) on the 
Dugadda drainage line were too small, and there is no 
evidence of elephants having used them in 30 years 
from what local experts define as ‘tunnel syndrome’ 
(Singh et al. 2011). 

Re-establishing migration for large species like ele- 
phants has improved the biodiversity and conserva- 
tion status of the region, and in June 2013, the Ngare 
Ndare Forest Reserve and the Lewa Wildlife Conserv- 
ancy were added to the Mount Kenya UNESCO World 
Heritage Site. In addition, the Marania and Kisima 
Farms that donated land for the elephant corridor 


have also been included within the World Heritage 
Site, and elephant damage is now minimal. The ele- 
phant corridor crosses a dirt road (Fig. 43.3A), and 
elephants are discouraged from leaving the corridor 
via the road by electrified wires suspended above the 
road (Fig. 43.3B). The Mount Kenya Trust and part- 
ners are currently raising funds to build a similar 
underpass under this rural road. 


The key partners in the project are the Kisima and 
Marania Farms, the Mount Kenya Trust, the Lewa 
Wildlife Conservancy, the Ngare Ndare Forest Trust, 
Trinnie Cartland, the Kenya Wildlife Service and the 
Kenya Forest Service. Major funding was sourced 
by the Mount Kenya Trust, Laikipia Wildlife Forum, 
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Borana Ranch and Lewa Wildlife Conservancy. Major 
donors include the Royal Netherlands Government 
(via the Laikipia Wildlife Forum), Virgin Atlantic, The 
Nature Conservancy, Rex Dobie, Zurich Zoo and friends 
of the Lewa Conservancy. 
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Chapter 44 


FORM AND FUNCTION: 
A MORE NATURAL 
APPROACH TO 
INFRASTRUCTURE, 
FISH AND STREAM 
HABITATS 


Paul J. Wagner 


Washington State Department of Transportation, Environmental Services Office, 
Olympia, WA, USA 


SUMMARY 


Rivers and streams are dynamic and their changing nature needs to be accommodated in planning, expand- 
ing or operating transportation infrastructure where roads and other linear infrastructure cross water or 
occur in a floodplain. This is necessary not only to minimise direct ecological effects to habitat, fish and other 
aquatic species but also to help reduce the potential damage to infrastructure from flooding, erosion and 
channel movement. Damage to infrastructure can often lead to additional environmental impacts. 

44.1 Streams need special consideration when planning roads. 

44.2 Protect natural stream processes: avoid constricting natural stream channels. 


44.3 Roads often interfere with natural stream processes, impacting aquatic species. 

44.4 Roads along shorelines: avoid simplifying stream channels and use dynamic natural systems as the 

model. 

44.5 Reduce impacts at stream crossings by using designs that simulate natural channel conditions. 
Fish and aquatic organisms, such as amphibians, reptiles and invertebrate species can be directly affected 

by roads, especially at water crossings. If these are not designed correctly, crossings result in the direct loss 

of natural habitat and can become barriers to movement caused by high velocity, inadequate water depth 

or excessive drops, especially at the outfall. To help minimise these problems, it is best to accommodate the 

natural conditions of streams, allow for a wide range of natural stream flow channels, avoid constricting 

flows and avoid reducing channel and shoreline complexity. 
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INTRODUCTION 


Streams and rivers are dynamic systems that change 
seasonally as the water flow rises and falls. The con- 
stant motion of water, transporting sediment, nutri- 
ents and woody material creates and maintains 
complex habitats which support a diversity of aquatic 
organisms. Innumerable aquatic and terrestrial species 
depend on these habitats for all or part of their life 
cycle. Steps typically taken to create and protect roads 
near streams include straightening channels or plac- 
ing very large rocks or concrete reinforcement to stabi- 
lise banks. These generally result in loss of habitat and 
potential impacts to fish and wildlife populations. The 
intent of this chapter is to discuss the importance of 
structural complexity in streams, the consequences of 
simplifying natural stream channels and to describe an 
approach for designing and managing roads along 
waterways that accommodate natural stream channel 
processes. 


LESSONS 


44.1 Streams need special consideration 
when planning roads 


Transportation systems and river systems both exist 
as networks across landscapes, and their intersection 
is inevitable. Aquatic habitats support the most 


biologically diverse and ecologically productive places 
on earth and deserve a high level of protection and 
consideration when planning for roads and other lin- 
ear infrastructure. Water courses are constantly in 
motion and shaped by dynamic forces, especially by 
periodic high flow events when tremendous energy 
moves bed material and reshapes channels. These 
forces help create and maintain the physical attributes 
of habitat and distribute nutrients. The dynamic physi- 
cal processes sustain life in aquatic systems, but also 
pose a threat to static infrastructure like culverts, 
bridge abutments and roadway fill. 

Streams naturally tend to have complex forms that 
lead to complex habitat associations. The deep portion 
of the channel shifts from one side of the stream to the 
other at bends and meanders. Deep pools on the bends 
provide cool temperatures and protective cover for fish. 
Shallower areas transition to riffles where turbulence 
introduces oxygen to the water and moves fine sediment 
out of the spaces between gravel in the bed. This creates 
optimal conditions for organisms living below the sur- 
face of the gravel: insects and the incubating eggs of 
fish such as trout and salmon. Streamside vegetation 
provides shade that helps protect stream temperatures 
and also provides nutrient input as vegetative matter 
and insects fall into the water (Groot & Margolis 1991). 
Fish have evolved to rely on the complexity of aquatic 
habitats (Fig. 44.1). When habitat elements are lost or 
altered, the system becomes more simplified and less 
capable of supporting ecological diversity (Fig. 44.2). 


Figure 44.1 Natural stream channels which support aquatic organisms exhibit natural complexity with variation in 
substrate type, vegetation along the water’s edge and a meandering course. Examples here from Washington State, USA, include 
(A) Ravensdale Creek, a small natural stream in a temperate forested area and (B) Dry Creek, which is located in a more arid 


climate. Source: Photographs by Paul J. Wagner. 
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Figure 44.2 Many waterways have been modified to move water quickly and prevent flooding. These simplified streams in 
(A) western Washington, USA, and (B) Putah South Canal, Solano County, California, USA, show gradations in the extent of 


modification. Source: Photographs by Paul J. Wagner. 


44.2 Protect natural stream processes: 
avoid constricting natural stream channels 


Careful planning is needed to provide reliable infra- 
structure that also protects aquatic habitats and the 
species on which they depend. The guiding general 
principle here is to allow streams to occupy their naturally 
defined channels and seek to restore similar conditions 
where these have been altered or constricted. Simply put, 
let streams be streams. 

When considering the location of new roads, it is 
best to avoid locating transportation infrastructure 
where it may impede waterways. This means 
that roads should be located away from active chan- 
nels and outside the floodplain wherever possible. 
Choosing a road alignment that avoids these areas to 
begin with can eliminate future challenges, many of 
which are complex and costly to repair or retrofit. 
The number of stream-crossing locations should be 
minimised to the extent possible. Crossings should be 
sized not simply for hydraulic capacity, but to span 
the natural channel width at high flow events along 
with some natural shoreline above the waterline. 
This exposed natural shoreline in turn provides 
potential connectivity for a host of terrestrial species 
(Chapter 21). 

The location and configuration of the existing 
road system generally owes more to historic travel 
routes and transportation needs than a regard for 
ecological and stream flow processes. Historic travel 
routes were frequently along waterways, which 
means that the current roads are often located within 
floodplains where they are subject to periodic dam- 
age from high flows. This pressure and damage can 
be a significant challenge in regions that experience 


high seasonal precipitation (i.e. monsoons — Chapters 
49 and 51) or severe storms (including some arid 
areas — Chapter 47). The same general ideas of 
minimising the number of stream crossings and 
reducing the degree to which these crossings and 
road fill constrict flows apply to existing roads as they 
do when considering the placement of a new road. 
Existing roads often present many established prob- 
lems that have resulted from inattention to these 
principles. To reduce the impacts to aquatic habitats, 
crossings may need to be retrofitted, and existing 
undersized culverts and bridges may need to be 
replaced and made larger. 


44.3 Roads often interfere with 
natural stream processes, impacting 
aquatic species 


Roads that are too close to streambanks tend to confine 
or divert the stream flow, which generally leads to 
increased stream velocity and increased risk of erosion. 
This is compounded when the stream has been 
‘straightened’ and the streamside (riparian) vegetation 
has been reduced or removed. 

Erosion is a natural process, but human activity 
often causes it to accelerate above the natural rate. This 
leads to loss of streambed or bank habitat as substrate 
is washed away. This also leads to degradation of water 
quality when sediment is suspended in the water, 
which can injure fish and other aquatic organisms 
whose gills or filter feeding organs can become clogged. 
When eroded sediment is eventually deposited at high 
levels, it can smother organisms living in the stream 
bed habitat and reduce availability of food sources. 
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Many methods for protecting roads from erosion 
involve armouring shorelines with large rock, concrete 
or steel, effectively hardening these surfaces in an 
attempt to protect them from the forces of moving 
water (Figs. 44.3 and 47.3). These methods are widely 
used, but they often exacerbate the problem and also 
impact habitat and alter hydrology. Simplified channels 
and protective approaches, like bank armouring, work 
by deflecting the kinetic energy of water. This generally 
just moves the energy downstream where it exerts 
more erosive force elsewhere. Complex natural chan- 
nels, on the other hand, tend to diffuse energy and as a 
result are not only more stable, but more productive 
from a habitat standpoint. 


44.4 Roads along shorelines: 
avoid simplifying stream channels 
and use dynamic natural systems 
as the model 


When additional protection is needed for roads along 
shorelines, it is preferable to use a more natural 
approach (e.g. Textbox 44.1), rather than hardening 
and simplifying shorelines. The basic principle is that 
by using methods that mimic natural processes of 
energy diffusion, greater success is likely not only in 


protecting road infrastructure but also in reducing the 
environmental impacts on aquatic habitat. 
Consciously mimicking natural processes along 
shorelines also holds benefits with regard to permitting 
and mitigation requirements. Erosion repair which 
relies largely on replacing natural shorelines with 
hardened elements like rock or concrete (Fig. 44.3) 
means a loss of habitat and can require some form of 
compensatory mitigation to offset the impacts of the 
project. When complex elements such as large woody 
debris and plantings can be incorporated into the pro- 
tective structure (known as ‘soft armouring’), then the 
structure can provide habitat for aquatic organisms 
while also stabilising the stream bank. An example of 
this is the engineered log jam (Fig. 44.4) where large 
logs and rootwads are installed to provide physical pro- 
tection to banks while also improving natural habitat. 


44.5 Reduce impacts at stream crossings 
by using designs that simulate natural 
channel conditions 


Traditionally, stream crossings have been designed 
from a hydraulic perspective, with the size of the 
drainage structures based on the ability to convey 
the volume and velocity of predicted flows. The least 


Textbox 44.1 Integrated streambank protection guidelines in Washington State, USA. 


In Washington State, USA, an approach called the 
Integrated Streambank Protection Guidelines (ISPG; 
Cramer et al. 2002) has been developed through coor- 
dination between natural resource and transportation 
agencies. The general principles are instructive and 
can be broadly applied. This guidance emphasizes the 
importance of allowing for natural stream processes to 
occur unimpeded as part of the planning and opera- 
tion of infrastructure near streams. 

The guidelines address geomorphic and biologi- 
cal processes. Geomorphic processes relate to the 
physical interaction of the landform, water, sedi- 
ment and woody material that create channel and 
shoreline structure. Geomorphic processes include 
bank and bed erosion, channel migration, influence 
of debris, sedimentation and sediment transport. 
Biological processes include the ways plants and 
animals shape the physical habitat in streams 
such as nutrient cycling, species interactions, 
riparian and upland vegetation dynamics, and 


species-mediated, habitat-forming processes such 
as beaver activity. 

Guiding principles identified in Integrated Stream- 
bank Protection are as follows: 
(i) Natural erosion processes and rates are essential 
for ecological health of the aquatic system. 
(ii) Human-caused erosion that exceeds natural rates 
and amounts is usually detrimental to ecological 
functions. 
(iii) Natural processes of erosion are expected to 
occur throughout the channel-migration zone. Project 
considerations should include the channel-migration 
zone and potential upstream and downstream effects. 
(iv) Preservation of natural channel processes will 
sustain opportunities for continued habitat formation 
and maintenance. 

(Cramer et al. 2002) 


For more information on ISPG, see http://wdfw. 
wa.gov/publications/pub.php?id=00046 
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Figure 44.3 The use of large rock (or rip rap) is a common approach to protecting road infrastructure from damaging 
flows, here used as an emergency response along Highway 20 on the Skagit River, Washington, USA. Source: Photograph by 
Paul J. Wagner. 


Figure 44.4 A change in approach is needed to address the habitat loss by continued use of rip-rap. The Sauk River wood 
cribwall is an example of a more natural approach, Washington, USA. Source: Photograph by Paul J. Wagner. 


362 Handbook of road ecology 


expensive solution is often sought, which generally 
translates to the smallest culvert or shortest bridge 
span that can meet the flow volume criteria. When 
crossings are built to minimal hydraulic criteria, they 
often constrict the higher flows. When flows are con- 
stricted by a narrow structure, the result is increased 
velocity, which leads to increased erosion. At culverts, 
this erosion scours the stream bed as it exits the cul- 
vert often causing significant drops at the outfall 
(Fig. 44.5). These outfall drops can become barriers to 
the upstream movement of fish and other species 
(Chapter 45). Constricting flows also reduces the nat- 
ural transport of sediment and woody debris which is 
an essential process for maintaining good quality 
stream habitat for fish. Culverts that constrict flow can 
have maintenance problems if woody debris or sedi- 
ment gets trapped, blocks flow or creates a backwater 
condition (see also Chapter 17). 

Stream crossings that constrict the range of flows 
and do not span the ordinary high water level can 
lead to damaging flow rates, high volumes of water 
and downstream erosion, and can impede the move- 
ment of fish and other aquatic organisms upstream 
and downstream. To avoid these problems, crossing 
structures should be designed to mimic natural condi- 
tions and span widths sufficient to allow development 
of natural stream channel and bed characteristics 
within the structure. Stream simulation is a useful 
method to achieve this (Barnard et al. 2013), and it 


(A) 


attempts to mimic the channel conditions (width, 
slope and bed material) within the crossing structure 
as are found in the upstream and downstream chan- 
nel (Fig. 44.6). This results in crossing structures that 
span the natural stream channel as well as some 
amount of adjacent terrestrial area, even at typical 
high flow levels. These crossings also include bed 
material that is comparable to and at a slope that is 
consistent with the upstream and downstream chan- 
nel. Specific details on road crossings for fish are given 
in Chapter 45. 


CONCLUSIONS 


Streams are dynamic systems which support complex 
habitat for fish and other aquatic species. The best 
approach to protecting these important resources is 
to plan and create road and structure designs that 
avoid roadway fill in floodplains, keep the number of 
stream crossings to a minimum and design culvert 
and bridge spans that accommodate dynamic natural 
streams and stream bank conditions to the greatest 
extent possible. At locations in existing road networks 
where stream erosion threatens roadways and rea- 
lignment is not feasible, using soft armouring tech- 
niques for stream bank protection can provide a more 
natural approach that protects infrastructure while 
providing habitat. 


Figure 44.5 These culverts have constricted the flow of water, which increases velocity and leads to erosion at the outfall. 
When originally installed, these culverts were at the same elevation as the streambed but over time, erosion has led to a 
significant outfall drop, creating a vertical barrier to the upstream movement of fish and other aquatic organisms. As this 
process continues, the integrity of the culvert and the road fill is at risk. Source: Photography by Paul J. Wagner - Washington 


State Department of Transportation. 
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Figure 44.6 Example of a stream crossing designed using the stream simulation concept. This bridge spans the channel even 
at high flows and under normal flows has a significant area which is available for passage by terrestrial species. This photo was 
taken when construction was just finishing up at Butler Creek in Washington State, USA, and deer had already begun to use it 

to cross under this rural highway. Source: Photograph by Paul J. Wagner. 


FURTHER READING 


Barnard et al. (2013): This document describes ecologically- 
minded design principles for stream crossings including 
stream simulation developed for Washington State, USA. 

Forest Service Stream-Simulation Working Group (2008): This 
is guidance on stream simulation design developed by the US 
Forest Service, primarily for smaller roads in forest settings. 

Furniss et al. (2006): A useful software and reference tool for 
designing culverts for the passage of fish and aquatic 
organisms. 

McEnroe (2009): This review covers bridge and culvert 
designs over time and documents the evolution of the prac- 
tice including some of the lessons learned. 

Viessman et al. (1989): A good general description of hydrol- 
ogy principles. 

Williams (1978): A helpful description of the importance of plan- 
ning for high flow events in the design of crossing structures. 
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Chapter 45 


SOLUTIONS TO THE 
IMPACTS OF ROADS AND 
OTHER BARRIERS ON 
FISH AND FISH HABITAT 


Fabrice Ottburg! and Matt Blank? 


‘Alterra, Wageningen UR, Environmental Science Group, Wageningen, Netherlands 
?Western Transportation Institute (WTI), Montana State University, Bozeman, MT, USA 


SUMMARY 


As with all wildlife, fish need to move throughout their range in order to complete their life cycles. Unlike other 
animals, fish cannot leave the stream or river that they are living in or migrating through to bypass a barrier. 
Structures under roads that facilitate the flow of water, particularly during flood events, are critical to protect 
the infrastructure and if well designed can provide passage for fish and other aquatic species. However, improper 
design, construction or maintenance of road-stream crossings can limit or completely prevent fish passage. 
In addition, roads and traffic can also impact fish and fish habitat by degrading the quality of the streambed, 
adjacent riparian habitat and water quality, as well as changing patterns in the flow of ground and surface water. 
45.1 Roads and the vehicles that travel on them can negatively affect fish habitat and water quality. 
45.2 Roads and other in-stream structures can be barriers to the movement of fish. 

45.3 Well-informed planning and design of roads can limit the impacts of roads on fish and fish habitat. 
45.4 The most effective road-stream crossings for fish, when long-span ‘floodplain’ bridges are not an 
option, are culverts or shorter-span bridges that simulate the natural channel. 

45.5 Specialty culverts and other technical solutions are possible but require careful design and do not 
provide all the qualities of uninterrupted natural waterways. 

Roads, railways and other linear infrastructure inevitably intersect waterways, often restricting the movement 
of fish. New infrastructure should avoid waterways where possible and any crossings that are needed should be 
designed to allow the natural flow and function of the waterway. Existing road crossings that are barriers to the 
movement of fish should also be modified to be more natural and improve connectivity for fish. Better designed 
road-stream crossings also have the added benefit of accommodating flood events and ensuring static infra- 
structure is stronger and less prone to failure, thereby requiring less maintenance and repair and saving money. 
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INTRODUCTION 


There are over 14,000 species of freshwater fish glob- 
ally, and nearly all of them need to move in order to 
complete their life cycles (Eschmeyer 1998). Fish 
movements occur over a wide range of distances and 
timescales in order to access food resources, reach 
spawning grounds and use cover and security habitat 
when avoiding predators. The migration of fish is a 
well-known phenomenon worldwide, with some 
species travelling thousands of kilometres annually, 
including Atlantic salmon which migrate from salt 
water to fresh water and European eel from fresh to 
salt water. Many species migrate shorter distances, 
such as 10’s to 100’s of kilometre within a watershed 
or section of waterway, including pike and ide (Miller 
et al. 2001; Winter & Fredrich 2003). This chapter 
focuses on fish that spend at least a portion of their 
life in freshwater systems and provides solutions to 
minimise the effects of roads and road-stream cross- 
ings on fish and fish habitat. Other in-stream barriers 
to fish, such as low-head dams, are also discussed. 


LESSONS 


45.1 Roads and the vehicles that travel on 
them can negatively affect fish habitat and 
water quality 


Roads and railways are often parallel or in close 
proximity to waterways (i.e. rivers, streams and creeks), 
and other waterbodies such as lakes or estuaries and in 
many cases cross them. This occurs in part because lin- 
ear infrastructure often follows historic pathways 
along waterways. These pathways followed the easiest 
and most efficient routes between settlements. For 
example, it is easier to navigate through steep and 
mountainous terrain by following the paths carved out 
by rivers. Similarly, many towns were built along 
waterways to facilitate transportation of goods and 
services. However, this proximity can facilitate the 
transfer of pollutants from the road surface and vehi- 
cles into the aquatic system, with negative conse- 
quences. Storm-water run-off from roads and urban 
areas can change water quality, for example, pH and 
turbidity, and in some cases can be toxic (Kayhanian 
et al. 2008). The level of impact to water quality and 
potentially fish habitat is affected by the length of the 
dry period prior to a storm event and the intensity of 
the storm itself, both of which play a large part in the 
concentration of toxicants (Pitt et al. 1995). 


A common practice in cold regions is to apply sand 
or some form of anti-icing or de-icing compound to the 
road surface in order to increase traction and remove ice 
and snow. When washed into waterways in sufficient 
quantities, small particles can clog the interstitial spaces 
between gravel in the riverbed, reducing the transfer of 
oxygen to buried fish eggs and thus affecting their devel- 
opment and survival (Williams 2006). Road run-off can 
also affect aquatic insect (macro-invertebrates) popula- 
tions, which are an important food source for fish and 
an integral part of the aquatic ecosystem (Medeiros 
et al. 1983). Accidental chemical spills on roads do occur, 
and if the chemicals enter a waterbody in high enough 
concentrations, they can have deleterious effects on fish 
habitat and water quality, although few studies have 
documented the impact of individual spill events. 
Recently, there has been heightened awareness about 
the effect of dust particles from non-paved roads on 
aquatic and terrestrial habitat and organisms 
(Trombulak & Frissel 2000). 

Roadways can alter surface water flow, groundwater 
flow and the interaction between them (Trombulak & 
Frissel 2000). Many waterways have been straight- 
ened or riparian habitats removed during road pro- 
jects in order to simplify the construction process 
and reduce costs. In some cases, waterways have been 
converted to concrete-lined drains (Fig. 44.2B) or 
enclosed in pipes. Consequently, the functioning of the 
waterway is often compromised, with a concomitant 
reduction in quality of habitat for fish and other 
aquatic species (Trombulak & Frissel 2000). 


45.2 Roads and other in-stream structures 
can be barriers to the movement of fish 


Freshwater fish migrate longitudinally (upstream 
or downstream; e.g. salmon) and/or laterally from 
waterways to connected tributaries, lakes or wetlands 
(e.g. pike and bream; Fig. 45.1) over spatial scales 
ranging from metres to many thousands of kilometres 
depending on the species. Unfortunately, most water- 
ways have man-made structures across them, such 
as culverts (Fig. 45.2) or low-head dams (Fig. 45.3A) 
that can restrict or prevent fish movement. Other 
structures that fragment fish populations include 
large dams for flood control, water storage or hydro- 
power, as well as tidal barrages, shipping locks and 
sluices (Fig. 45.3B, C). By isolating habitats, barriers 
can decrease fish populations and in some cases 
contribute to the total loss of a species. For example, 
white-spotted char were absent upstream of dams at 


Fic 


(B) 


-1 Adult pike (A) can travel 26 km/day as part of their annual migration, and adult bream (B) can migrate 
longitudinally and laterally. Source: Photographs by Fabrice Ottburg. 


(C) 


2 Culverts are barriers to fish movement when they are either (A) perched; (B) undersized, resulting in 


extreme water velocity; or (C) physically too small for large fish to pass. Source: (A and B) Photographs by Matt Blank; and 


(C) Photograph by Fabrice Ottburg. 


a 


3 Other examples of structures that are barriers to fish movement include (A) this low-head dam in Montana USA, 


(B) this large dam for hydropower in Canada and (C) this sluice to control water levels in North Brabant, the Netherlands. 
Source: (A and B) Photographs by Matt Blank; and (C) Photograph by Fabrice Ottburg. 


17 of 52 study sites in Japan (Morita & Yamamoto 
2002), and 4 minnow species were extirpated 
upstream of a dam in a prairie stream in the United 
States (Winston et al. 1991). 

The swimming ability of a fish is influenced by many 
factors including species-specific ability, body size and 
condition, and the temperature, turbulence and 


dissolved oxygen content of the water (Liefferinge et al., 
2005). Swimming ability is commonly categorised as 
either (i) ‘sustained’ where swim speeds are maintained 
for extended periods of time, usually greater than 
approximately 200 minutes; (ii) ‘prolonged’ where swim 
speeds are maintained for moderate periods, typically 
15 seconds to 200 minutes; or (iii) ‘burst’ or ‘sprint’, where 
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swim speeds are fast and maintained for short durations, 
typically less than 15 seconds (Hoar & Randall 1978). 
Culverts are a barrier to fish movement when they (i) 
are undersized and create excessive water velocity 
(Fig. 45.2B); (ii) have insufficient water depth; (iii) are 
physically too small for the species of fish (Fig. 45.2C); 
(iv) have large outlet drops, also called ‘perched culverts’ 
(Fig. 45.2A); and/or (v) are blocked by debris jams. In 
some cases, it is the combination of these conditions 
that make ordinarily benign conditions problematic. For 
example, a structure may create relatively fast water 
velocity that, by itself, may not be a barrier; however, the 
combination of fast and shallow water makes it more 
difficult for a fish to swim upstream. In addition to 
perched outlets, inlets can also restrict passage by 
causing the water level to drop (e.g. Ottburg & Th. de 
Jong 2006). Inlet drops occur when the culvert is under- 
sized relative to the upstream channel and flows are 
severely restricted at the entrance. 


45.3 Well-informed planning and design of 
roads can limit the impacts of roads on fish 
and fish habitat 


The best solution to prevent pollution of aquatic sys- 
tems from road-borne pollutants is to ensure roads are 
sufficiently distant from them. If this is not feasible, the 
next best approach to limit the impact of pollution 
from roads and traffic on water quality, habitat and fish 
is to provide a sufficient natural or semi-natural buffer 
between the two. A properly functioning buffer should 
capture, store and process the pollutants, rather than 
allowing them to enter the waterway. The size of the 
buffer (distance between waterway and road) will vary 
depending on the volume and condition of the storm- 
water run-off to be treated, vegetation, slope of the 
landscape, soil infiltration rates and numerous other 
site-specific factors. Engineering solutions, such as 
sediment traps, may be required in order to limit the 
effect of road pollutants. Other methods include modi- 
fying the type of chemicals used (e.g. non-polluting 
de-icing treatments) and their application rates in envi- 
ronmentally sensitive areas, as well as changes to vehi- 
cle designs and fuel to reduce the type and quantity of 
chemicals they produce. For example, some regions 
have policies which require the application rate of sand 
and salts to roads to be reduced or halted completely on 
and in close vicinity to bridges or culverts over 
waterways. 

The optimal approach to maintain connectivity for 
fish and other aquatic species in waterways is to avoid 


constructing roads and other potential barriers across 
them. Where this cannot be avoided, road-stream 
crossings should be designed and constructed in a 
manner that allows long-term function of the water- 
way and its floodplain (Textbox 45.1, Lesson 45.4, 
Chapter 44). Long-span ‘floodplain’ bridges are the 
ideal but most costly solution in this regard and allow 
for natural stream dynamics, including the ability of 
the stream to migrate throughout the floodplain over 
time (Fig. 45.4). Other large structures that fully span 
the watercourse and banks provide the next best solu- 
tion to ensure long-term passage of fish and are less 
expensive. In retrofit cases, it may be more feasible to 
remove the existing infrastructure and reinstate the 
natural system or replace it with a crossing structure 
designed using the stream-simulation approach 
(Lesson 45.4). 


45.4 The most effective road-stream 
crossings for fish, when long-span 
‘floodplain’ bridges are not an option, are 
culverts or shorter-span bridges that 
simulate the natural channel 


The ‘stream-simulation’ approach is the preferred 
strategy to designing culverts or shorter-span bridges 
at road-stream crossings (see also Chapter 44) when 
long-span ‘floodplain’ bridges are not an option. 
Stream simulation allows aquatic and riparian pro- 
cesses to function without interruption through a 
road-stream crossing interface. Importantly, it pro- 
vides passage for all life stages of fish and other aquatic 
species present in the system because the waterway 
channel is continuous through the crossing structure, 
and there are natural substrate, streambanks and, in 
some cases, vegetation. Bridges or large culverts 
(Figs 44.6, 45.4, 45.5 and 45.6) are used to either 
span the waterway and some bank and floodplain 
areas or allow placement of streambed, streambank 
and floodplain replicating materials within the struc- 
ture. The US Forest Service has been instrumental in 
developing, applying and promoting this method, and 
many new and retrofitted road-stream crossings in the 
United States are now being designed using this 
approach (USDA 2008). 

The stream-simulation approach relies upon the fol- 
lowing basic principle: 


..designing crossing structures (usually 
culverts), that creates a structure that is as 
similar as possible to the natural channel. 
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Textbox 45.1 Steps in the planning, design and construction of road-stream crossings for fish. 


There are many pieces of important information to 
gather and consider when designing a fish passage 
that effectively removes barriers and restores fish 
migrations. Some of this information includes: 


Step 1. Carefully define the key planning 
parameters: 


e Define the features and conditions of the river, 
including hydrology, hydraulic factors, geology, geo- 
morphology, section profiles, substrate, type and 
amounts of debris. 

e Describe the characteristics of the existing or pro- 
posed roadway. 

e Identify all financial and legal requirements, such as 
permits and licences for construction. 

e Identify the target species and other non-target spe- 
cies that may be affected, and river zone. 

e Identify the ecological aims of the project, such as 
upstream and/or downstream connectivity for migra- 
tion or other movements. 


Step 2. Design the solution: 


e The design must take into account the biological 
parameters of the target species as well as hydraulic 
and geomorphic criteria. 

e Clearly specify the technical design criteria of the 
structure, such as its width, length, water flow, spac- 
ing and construction material. 


Step 3. Construct and maintain the solution: 


e Review the final design before construction com- 
mences, with a focus on relevant biological and 
hydraulic criteria (see also Chapter 9). 

e Construction must include oversight by both the 
design engineer and consulting biologist. 


When channel dimensions, slope and stre- 
ambed structure are similar, water veloci- 
ties and depths also will be similar. Thus, 
the simulated channel should present no 
more of an obstacle to aquatic animals 
than the natural channel. (USDA 2008, 
Introduction, page xxiii) 


An additional benefit of this approach is much greater 
flood conveyance because of its size (area of the open- 
ing) and span (width of the opening), resulting in a 
longer lifespan for the infrastructure with less risk of 
failure and need for costly replacement. 


e Develop and implement maintenance protocols, 
including a general description of the structure and its 
intended operation, as well as the frequency and 
methods for maintenance and any relevant health and 
safety issues (see also Chapter 17). 

The following guiding principles will assist in deciding 
on the optimal approach to restore or maintain fish 
movement: 

e The solution should allow sufficient movement by 
the target species during the specific life stage(s) 
where connectivity is required to maintain a viable 
population. 

e The hydraulic function of the waterway should not 
be compromised by the solution. 

e Crossings should be designed for all species that 
occur or could be expected to occur within the 
waterway. 

e Avoid designing a single-species solution. Technical 
solutions are expensive and multi-species solutions 
are often more cost-effective. 

e Where possible, the solution should also provide 
some biological functions (e.g. residence or nursery 
area for juvenile fish) for the target species. 

e Waterways are part of a system and barriers 
upstream and downstream of the project site may also 
need improvement. 

e The presence of native and non-native species can 
complicate the development of effective solutions. 
Consider if barriers should remain to prevent the 
movement of invasive species or if crossing structures 
should be designed to act as a barrier to protect native 
species. 

e Ensure the solution does not negatively affect fish 
stock. For example, can fish reach their spawning 
grounds or migrate back to deeper water for the 
winter? 


45.5 Specialty culverts and other technical 
solutions are possible but require careful 
design and do not provide all the qualities of 
uninterrupted natural waterways 


Culverts are the traditional approach to road-stream 
crossings; however, many existing culverts are barriers 
to the movement of fish and other aquatic species (Lesson 
45.2). If culverts are to be installed on new projects or 
existing culverts replaced, engineers and fish specialists 
must collaborate to ensure that the five major causes of 
the barrier effect of culverts for fish (Lesson 45.2) are 
avoided. Important culvert design parameters include 
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Figure 45.4 This large bridge across Merced River and floodplains, Hwy 49, at Old Bagby, Lake McClure Recreation Area, 
California, allows the waterway to function ‘naturally’, benefiting fish and other aquatic organisms as well as terrestrial wildlife. 
Source: Photograph by and reproduced with permission of Marcel Huijser. 


| 


Figure 45.5 This recently constructed crossing of Fleshman Creek, Montana, was designed using the stream-simulation 
approach. The culvert maintains the stream channel and bank lines through the entire structure, thus ensuring fish passage for 
most flows. The structure is designed to provide flood conveyance up to the 100 year event. Source: Photograph by Matt Blank. 


water speed and depth through the culvert for the antici- 
pated range of stream flows. In many cases, three flow 
rates, and associated passage parameters (such as water 
depth and velocity) based upon the species in the system, 
will be specified for the culvert design: 

(i) A low-flow fish passage, typically the base flow of 
the stream or river. For the low-flow condition, the 


design should specify a minimum water depth based 
upon the requirements of the species of fish living in 
the stream, thus ensuring a depth barrier is not 
created. 

(ii) A high-flow fish passage, typically similar to a 
bank-full flow rate or a 2-year recurrence interval flow 
(a 2-year flow is a peak flow that has a 50% chance 
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Figure 45.6 Pipe culverts (A) on the Clearwater River, Montana, were replaced with a bridge (B) to provide natural channel 
function and improve passage for all fish species and life stages. Source: Photographs by and reproduced with permission of 


Shane Hendrickson. 


of occurring in any year). For the high-flow condition, 
where velocity is the main consideration, the design 
should specify a maximum water velocity based upon 
the weakest swimming fish species in the stream, ensur- 
ing a velocity barrier is not created. 
(iii) A flood-flow fish passage typically has a 10-100- 
year recurrence interval flow. The type and size of the 
structure is influenced by many factors, including 
the risk to society if the structure fails, the cost to build 
the structure and the importance of the crossing to the 
ecosystem. The flood flow is evaluated against engi- 
neering criteria, primarily the height of the road deck 
relative to the water level during the flood event. 
Conditions in the culvert during these extreme flood 
flows are not evaluated relative to fish passage because 
they rarely occur. 
(iv) If the culvert is intended to pass all fish, then the 
design should ensure that there is no outlet drop at any 
flow condition. If the culvert is intended to pass some fish 
species, but purposely limit others, as in the case of selec- 
tive barriers for conservation of native species, an outlet 
drop can be used to achieve this. However, this approach 
requires a substantial amount of knowledge about the 
species of fish in the system, long-term effects of 
purposely creating a partial barrier and other factors. 
(v) If the waterway transports large amounts of 
sediment, woody debris or ice, then a bridge or stream- 
simulation approach should be implemented to reduce 
the chances of the structure becoming blocked, 
causing the structure to fail. 

Unfortunately, avoiding waterways, removing struc- 
tures or using large open-span bridges is not always 
feasible, and other technical solutions are required. 


While many technical and semi-natural solutions have 
been employed around the world (Gough et al. 2012), 
they are usually less effective than avoidance or use 
of large crossing structures. One of the most common 
approaches is that of the fish ladder or fishway (Clay 
1995), which are structures designed to allow the 
upstream (and sometimes downstream) movement of 
fish over or through a barrier by modifying the velocity 
and depth of water to provide conditions suitable for 
fish movement (Clay 1995). 

There are numerous fish ladder designs (Fig. 45.7), 
with each installation designed specifically for the 
location, target species, water conditions and available 
space. The most common types are (i) pool weir or step- 
pool, both of which have a series of steps, sometimes 
with an orifice in the base of each baffle, which are 
effective for jumping species; (ii) vertical slot, which 
uses a series of baffles to create narrow slots that 
control water velocity and depth of pools between slots; 
(iii) Denil, often described as roughened ramps which 
create a series of small rapids that allow many fish 
species to pass; (iv) fish lock, where fish accumulate in 
a holding area at the base of a weir which is periodi- 
cally sealed and filled with water, allowing fish to swim 
through the lock; and (v) bypass, where a stream chan- 
nel that resembles natural conditions is constructed 
around the barrier. Other approaches include (i) fish lifts 
or ‘trap and transport’ techniques, which mechanically 
lift fish up and over the barrier; and (ii) modifications 
to infrastructure, such as pumps that injure or kill fish, 
to be less damaging. While these strategies are typically 
installed to bypass dams and weirs, some can be 
installed within culverts to reduce water velocity, such 
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Figure 45.7 A series of step-pools or pool weirs (A), De Wit fish ladder inside the rectangular steel box (B) and semi-natural bypass 
(C) are used on rivers in the Netherlands to bypass barriers to fish movement. The water velocity through fish ladders, culverts and 
other structures must not exceed the swimming speed of any life stage or species living within the waterway. In lowland streams 
common to flat landscapes, water velocities < 1.0 m/s are typical, and most adult fish species are capable of moving through passages 
with such conditions. For subadults or juvenile fish, water velocities should be < 0.8 m/s or even < 0.4m/s for some species (Jens 
1982; Liefferinge et al. 2005; Gough et al. 2012). Source: Photographs by Fabrice Ottburg. 


as a series of baffles or ropes to restore fish movement 
(David et al. 2014). Baffles come in a wide range of 
configurations and sizes (Ead et al. 2002), and some 
disadvantages include maintenance difficulties and 
potentially restricted passage for some fish (Liefferinge 
et al. 2005). 


CONCLUSIONS 


Roads intersect waterways in nearly every terrestrial 
environment on the planet and have the potential to 
restrict the movement of fish, often resulting in popula- 
tion declines and local extinctions. Where possible, 
avoiding water bodies altogether or at least providing a 
sufficient natural or semi-natural buffer between the 
road and the waterbody is the best approach to reduce 
impacts on fish and fish habitat. Where unavoidable, 
road-stream crossings should be properly designed, 
constructed and maintained to reduce the barrier to 
movement effect on fish and other aquatic species. The 
best approach for road-stream crossings is to design 
and build a bridge that fully spans the entire floodplain, 
allowing the waterway to function ‘naturally’. If this is 
not possible, one proven and effective strategy to main- 
tain fish passage at all types of road-stream crossings is 
to use a stream-simulation approach. This approach 
has the added benefit of accommodating larger flow 
events with reduced impact on the static infrastruc- 
ture, such as the roadway. A system-wide approach 
that addresses aquatic species needs, riparian function 
and large flood events will produce road-stream cross- 
ings that will last longer and require less maintenance 
and replacement. 


FURTHER READING 


Clay (1995): A comprehensive book that presents the full 
range of engineering solutions for fish passage past barriers 
ranging from large hydropower dams to roadway culverts. 

IECA (2014): The International Erosion Control Association 
is a non-profit, member organisation that provides educa- 
tion, resource information and business opportunities in 
the erosion and sediment control industry. The EICA has 
over 2500 members from 30 countries aiming to solve a 
broad range of problems caused by soil erosion and its by- 
product — sediment. 

USDA (2008): The US Forest Service presents a road—stream 
crossing design approach that mimics natural channel and 
floodplain function through the crossing. The report has 
excellent examples, drawings and figures. 
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SUMMARY 


The structure and composition of roadside vegetation vary from frequently mown grass to shrubs and trees 
and from artificial landscaping to natural plant communities. Roadside vegetation can perform many impor- 
tant functions, including the provision of habitat for rare plants and animals, a source of seeds for adjacent 
landscapes, a buffer to reduce the penetration of traffic noise and light, carbon sinks and enhanced aes- 
thetics for road users. In certain situations, roadside vegetation can have negative effects, such as attracting 
wildlife and increasing rates of wildlife-vehicle collisions (WVC), creating movement corridors for weeds and 
invasive species, obscuring road signs and damaging road surfaces. 

46.1 Roadsides can support rare and threatened species of plants and animals, and these should be 
managed for conservation. 

46.2 Vegetation that reduces visibility or poses a traffic hazard should be managed to achieve a compro- 
mise between safety and biodiversity conservation. 

46.3 Roadside habitats may act as ecological traps: It is preferable to recreate offset or compensation 
habitats away from roadsides. 

46.4 The drainage of roads and roadsides must be designed to minimise impacts on adjacent vegetation 
and habitats. 

46.5 Never plant invasive species (environmental weeds) along roads: Use plants native to the region for 
roadside soil stabilisation, shade, ornamental planting and control of noise and light pollution. 

46.6 Perennial vegetation cover and ongoing management of roadside vegetation are required to con- 
trol the continuous threat of weed invasion. 
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46.7 The reduction of fuel loads on roadsides should be compatible with biodiversity management 
objectives. 

The challenge for management is to comprehensively quantify and understand the role and values of 
roadside vegetation and manage roadsides to enhance their positive impacts and reduce their negative 
effects. 


INTRODUCTION 


Most roads, especially those designed and built in 
recent years, include a strip of land on one or both 
sides of the road that remains undeveloped. These 
strips of land (i.e. roadsides or verges) are usually 
owned and managed by the government or depart- 
ment of transportation. The width of the roadside 
depends on the tenure, land use and competing 
demands (and hence purchase price) of the land at 
the time it was acquired for the road, the predicted 
growth in traffic volume (and hence need for future 
expansion) and the terrain (mountainous vs. flat). 
The uses and functions of roadsides are diverse, and 
they usually support natural or planted vegetation, 
footpaths or bicycle paths, utility infrastructure (e.g. 
power lines and pipelines) and safe places for vehicles 
to pull off the road. Roadside vegetation may play 
numerous other roles, including the provision of 
habitat for plants and animals; intercepting and buff- 
ering adjacent landscapes from noise, dust, light and 
other pollutants; controlling soil erosion; and 
improving aesthetics. 

Roadside management is challenging because of 
the diversity of uses and often competing goals. For 
example, the provision of habitat for biodiversity 
along roads by maximising the amount of habitat 
(e.g. large trees) is often at odds with driver safety due 
to the risk of collision. Consequently, vegetation that 
remains, re-establishes itself or is planted on roadsides 
will always be influenced by the primary function of 
the road — that is, safe and rapid traffic flow. The aim 
of this chapter is to highlight ways in which roadside 
vegetation may influence the integrity of the road; 
the safety and comfort of motorists and adjacent set- 
tlements; the conservation of plants, wildlife and 
genetic resources; and the spread of fires and invasive 
weeds. We present general guidelines for roadside 


vegetation management that consider issues of road 
integrity, road user safety, biodiversity conservation 
and aesthetics. 


LESSONS 


46.1 Roadsides can support rare and 
threatened species of plants and animals, 
and these should be managed for 
conservation 


Large areas of natural and semi-natural vegetation 
and wetlands occur in road reserves, potentially pro- 
viding habitat or movement corridors for a wide 
range of plants and animals (Saunders & Hobbs 
1991; Lamont & Atkins 2000). In highly cleared 
landscapes, roadsides can provide the majority of 
available habitat (e.g. van der Ree 2002). Fragments 
of natural vegetation along roadsides also have the 
potential to protect rare species, habitats and ecosys- 
tem functions (e.g. pollinators) that have been lost 
from crop monocultures (Figs. 46.1, 46.2 and 46.3) 
or that are threatened by urban development, min- 
ing, overgrazing and other forms of land transforma- 
tion. In some situations, the quality of the habitat in 
roadside fragments may exceed that which is remain- 
ing in larger patches (e.g. van der Ree & Bennett 
2001). 

Roadside conservation requires identification and 
mapping of plant populations or communities of sig- 
nificant conservation value and integration of such 
maps with the infrastructure maps used for road plan- 
ning and maintenance (Connor & Ralph 2006; 
Johnson 2008; Chapter 17). Depending on the vulner- 
ability of the target plants to theft or vandalism, the 
sensitive section of the roadside could be demarcated 
with signs that provide information to the road user or 
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5.1 Contrast between density of flowering plants in the grazed rangeland (to the left of the fence) and ungrazed 
roadside (to the right of the fence) in the South African Karoo. Source: Photograph by S. J. Milton. 


Figure 46.2 Fragment of threatened Renosterveld vegetation lies between cropland and the weedy mowed shoulder of the 
road near Wellington, South Africa. Source: Photograph by and reproduced with permission of Clement Cupido. 
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Figure 46.3 Woodland along roads and streams in this agricultural area in south-east Australia accounts for over 85% of the 
remaining woodland cover in this district. Source: Photograph by R. van der Ree. 


marked only on maps used by road authorities. 
Conservation of rare plants and habitat on roadsides 
may require special management, for example, plant 
species that require fire for regeneration may need to be 
burned periodically (Johnson 2008). 


46.2 Vegetation that reduces visibility or 
poses a traffic hazard should be managed to 
achieve a compromise between safety and 
biodiversity conservation 


Tall or dense vegetation adjacent to roads can pose a traf- 
fic hazard by obscuring traffic, road signs, wildlife and 
pedestrians. This vegetation may need to be pruned or 
mowed to improve driver visibility (Forman & Alexander 
1998; Johnson 2008) or to give drivers more time to 
observe and respond to animals that cross the road (see 
also Lesson 53.3). Non-frangible vegetation may be a 
safety hazard for out-of-control vehicles and can either 
be removed or safety barriers (e.g. guard rail or wire rope 
fencing) installed to prevent collisions. Guard rail is effec- 
tive at preventing vehicle-tree collisions; however, it is 
expensive and doesn’t solve the issue of driver visibility. 
Unfortunately, cutting of shrubs and herbaceous vegeta- 
tion can result in a flush of new growth that may attract 
herbivores (e.g. bears; Textbox 46.1; Chapter 42) which 
increases the probability of WVC. Although the provi- 
sion of diversionary feeding, forage repellents, establish- 
ment of unpalatable species or vegetation clearing along 
roads could reduce this problem (Rea 2003), these 


interventions are costly, with unproven effectiveness, 
and may have negative effects on rare plant communities 
or adjacent vegetation (e.g. facilitating the spread of 
invasive species). Vegetation in the median can improve 
safety by reducing headlight glare (Forman & Alexander 
1998), but if vegetation is non-frangible, the median will 
need to be sufficiently wide and include safety barriers to 
protect motorists on high-speed roads. 

Roadside vegetation must be managed to achieve 
both safety and conservation requirements; therefore, 
we recommend the use of parallel management zones. 
This means the priority for management of vegetation 
immediately adjacent to the road should be on driver 
safety, while areas outside the clear zone should focus 
on conservation (e.g. Fig. 39.4). Furthermore, where 
high-conservation-value vegetation exists close to the 
road, the use of safety barriers should be used to pro- 
tect motorists and conserve plants. The amount of 
effort invested in conserving and managing rare or 
threatened species in roadside habitats should increase 
in proportion to its rarity and value. 


46.3 Roadside habitats may act as 
ecological traps: It is preferable to recreate 
offset or compensation habitats away from 
roadsides 


Roadside habitats may function as ecological traps that 
attract animals and increase rates of WVC and mortal- 
ity. Wetlands are often built adjacent to new and 


The function and management of roadside vegetation 377 


existing roads to provide fill for the road construction 
and to receive and treat storm-water run-off before it 
enters waterways or groundwater recharge areas. In 
some instances, road agencies intentionally build 
wetlands immediately adjacent to the road as an offset 
for wetlands that were destroyed during construction 
(Textbox 31.2). These attract amphibians and birds 
and are likely to contribute to the millions of such 
animals killed on roads (Forman & Alexander 1998). 
As arule of thumb, it is probably better to provide offset 
habitats away from the road to reduce the rate of mor- 
tality and avoid the road-effect zone (Chapter 7). 
However, it is essential to clearly understand the 
specific impact of the road on the species of concern 
and not just assume that roadside habitats are either 
good or bad for all species. For example, some species of 
wildlife that occupy roadside habitats may suffer low 
rates of WVC and mortality because they avoid the 
road surface or avoid traffic. 


46.4 The drainage of roads and roadsides 
must be designed to minimise impacts on 
adjacent vegetation and habitats 


Roads alter the flow of water by bisecting and dam- 
ming waterways and by collecting and discharging 
surface water via channels or pipes (Chapters 44, 45 
and 47). Roads that intersect streams and wetlands are 
often elevated on bridges or contain culverts and pipes 
to protect the road from flooding and damage. These 
roads have the potential to alter rates and patterns of 
water flow, depths and chemistry (Coffin 2007; 
Chapter 44), and adequate provision for water flow is 
essential to ensure that downstream wetlands do not 
dry out, resulting in habitat degradation or loss. 
Culverts that drain water away from the road surface 
should discharge run-off into natural waterways or 
wetlands but only via treatment or retention ponds to 
filter out pollutants and sediment loads. Foreign liquids 
spilt on the road (e.g. oil, fuel, milk, sewerage), and 
seeds transported on vehicles find their way via natural 
waterways or overland flow to rivers, wetlands and 
groundwater. Drainage infrastructure can cause soil 
erosion or development of artificial wetlands where 
natural waterways are absent or unable to cope with 
peak water flows (Coffin 2007). Erosion can be reduced 
by installing drainage systems that mimic natural flows 
and facilitate absorption of water into the ground and 
by the strategic planting of vegetation to bind the soil 
(Chapter 44). Modifications of the physical and chemi- 
cal properties of soil and hydrology caused by roads and 


drainage works can change the structure, composition 
and nutritional value of natural vegetation and pro- 
mote weed growth, particularly in arid and semi-arid 
regions (Martinez & Wood 2006; Chapter 47). 


46.5 Never plant invasive species 
(environmental weeds) along roads: Use 
plants native to the region for roadside soil 
stabilisation, shade, ornamental planting and 
control of noise and light pollution 


Roadside rest areas, often providing shade and shelter 
near scenic lookouts, are a feature of national and inter- 
national highways around the world. Native trees and 
shrubs adapted to the local conditions should be used for 
plantings in these areas to reduce maintenance costs 
and as an opportunity to educate motorists. Species that 
become environmental weeds when planted outside 
their natural ranges (e.g. Peruvian pepper, mesquite, 
black locust, black wattle, sugar gum) should be avoided 
because of the risk of invasion into adjacent habitats 
(Forman & Alexander 1998; The University of 
Queensland 2008; Milton & Dean 2010; Figs. 46.4 and 
46.5). Most regions have lists of declared weeds, and 
these should be consulted to identify which floral species 
should be avoided. 

Near-continuous noise produced by major roads has 
a negative effect on the quality of life of people, reduces 
the value of adjacent properties and affects vocal 
communication in many species of wildlife (Chapters 
19, 33 and 34). Trees, hedges or vegetation-covered 
barriers can reduce high-frequency sound by 40% 
(Kalansuriya et al. 2009), but this approach may not be 
practical or ecologically acceptable if the species to be 
planted is invasive. Similarly, soil embankments of roads 
in steep topography or shoulders of roads through sand 
dunes are often stabilised with grasses (e.g. fountain 
grass, marram), shrubs (bramble) or ground covers 
(highway iceplant) which must be carefully selected to 
minimise the risk of invasion into adjacent natural and 
agricultural ecosystems. 


46.6 Perennial vegetation cover and 
ongoing management of roadside vegetation 
are required to control the continuous threat 
of weed invasion 


Roadside management that maintains an intact com- 
munity of native perennial vegetation reduces the risk 
of weed establishment and slows the rate of its spread. In 
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contrast, the clearing of natural vegetation and repeated 
grading to bare soil promote the establishment of weeds 
due to increased disturbance, creation of open areas for 
colonisation and availability of water and nutrients via 
run-off from the road surface (USDA 2003; Figs 46.4 


and 46.5). Furthermore, pollutants including salt 
applied to road surfaces to reduce ice in cold climates 
contribute to the development of weedy vegetation 
adjacent to the road surface (Truscott et al. 2005). The 
constant supply of weed seeds carried by vehicles (Taylor 


Figure 46.4 Blue morning glory is an aggressive climber and has smothered this broadleaf—podocarp forest along a roadside 
near Auckland, New Zealand. Source: Photograph by and reproduced with permission of Margaret Stanley. 


Figure 46.5 Pampas grass, originally from South America, has invaded this roadside in the Hunua Ranges near Auckland, 
New Zealand. Source: Photograph by and reproduced with permission of Margaret Stanley. 
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Textbox 46.1 Roadside vegetation management to protect black bears in British Columbia, Canada. 


The Sea to Sky Highway (Highway 99) in British 
Columbia, which connects Vancouver to Whistler, 
passes through the Pacific Ranges of the Coast 
Mountains of North America. Bears emerging from 
hibernation in spring 2010 were unable to find suffi- 
cient food at higher elevations because the melting of 
the mountain snowpack was delayed due to an unsea- 
sonably late and cold spring. Consequently, a large 
number of black bears grazed on vegetation in the 
highway verge where vegetation planted the previous 
year was emerging (Fig. 46.6). Highway verges 
typically green up earlier in the spring than adjacent 
areas because they are exposed to more sunlight. 
Over the spring and summer, intense grazing by the 
bears altered the planned succession of rights-of-way 
plant species. Clover, one component of the seed mix, 
was intended to quickly stabilise soil, fix nitrogen, hinder 
the establishment of invasive plant species and then be 
outcompeted by the other species in the mix. The clover 


successfully withstood overgrazing by the bears and 
flourished, providing a high-quality food source for the 
bears. A number of bears were injured and killed due to 
collision with vehicles, and ‘bear jams’ began occurring 
on the highway in the District of Squamish when motor- 
ists slowed down and stopped near the bears. Motorists 
unfamiliar with wildlife risked their safety by leaving their 
vehicles to photograph the bears. 

The British Columbia Ministry of Transportation and 
Infrastructure worked with its maintenance contractors, 
the Get Bear Smart Society and the District of Squamish 
to reduce the potential for human/bear conflict along 
the Sea to Sky Highway. An extensive programme was 
developed which included new seasonal warning signs, 
changeable message signs, access restriction and 
innovative vegetation management. Native plant spe- 
cies known to be unattractive to bears were planted to 
shade out and displace clover over time and/or provide 
visual barriers to reduce the number of bear jams. 


Figure 46.6 Motorists along the Sea to Sky Highway (Highway 99) in British Columbia, Canada, stop to view and 
photograph black bears grazing on clover on the highway verge. Source: Photograph by and reproduced with permission 
of Sylvia Dolson. 


et al. 2012) or dispersed from adjacent disturbed land- 
scapes (Sullivan et al. 2009) exacerbates the risk of 
establishment and spread. Generalist birds, such as 
omnivorous corvids scavenging roadkills, will also dis- 
perse seeds of fleshy-fruited plants to roadsides under 
their roosts on fences, poles and signs. Once established 
on roadsides, invasive alien plants and agricultural 
weeds are further spread via overland water flows and 
culverts to rivers that intersect roads (Rahlao 2010). 
Through regular monitoring and the use of mechanical 
and chemical methods, road management authorities 


should better control weeds of environmental and agri- 
cultural significance along roadsides (Johnson 2008). 


46.7 The reduction of fuel loads on 
roadsides should be compatible with 
biodiversity management objectives 


Reduction in woody vegetation cover to improve visibil- 
ity along roads creates suitable conditions for develop- 
ment of tall grass that can increase the risk of fire 
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spread and exacerbate fragmentation in forested 
environments (Coffin 2007). Fires can be caused by 
ignition of dry roadside vegetation by vehicle accidents, 
sparks from engines or exhausts, discarded cigarettes 
and cooking fires at roadside pull-offs, potentially 
posing a hazard to passing traffic. Managers may 
plough or poison roadside vegetation to prevent 
roadside fires from destroying adjacent crops, planta- 
tions, rangelands, conservation areas or suburbs. Such 
practices are often in conflict with roadside conserva- 
tion goals, especially for threatened but fire-prone 
vegetation, such as Chaparral, Fynbos and Kwongan. 
Best-practice guidelines for roadside fuel reduction 
include the removal of dead trees and mowing, controlled 
burning or cutting of grass and brush in areas where fire 
risk is high; however, environmental authorisation 
should be required for use of herbicides and grading or 
for any intervention in high-conservation-value or spe- 
cially protected vegetation or where it may impact threat- 
ened wildlife (Lamont and Atkins 2000; Johnson 2008). 


CONCLUSIONS 


Roadside vegetation can perform many roles, including 
pollution reduction, erosion control and aesthetics. 
Vegetation can pose risks to drivers by obscuring 
oncoming vehicles, signs and large animals approach- 
ing the road. Trees and other non-frangible vegetation 
can also be a hazard for out of control vehicles that 
leave the road. Roadsides can also aid in the conserva- 
tion of plant and animal species and ecological com- 
munities in highly cleared or modified landscapes. 
While human safety is critical, there are viable and 
cost-effective alternatives to the destruction of vegeta- 
tion. In many cases, vegetation can be maintained, 
while road safety is improved through reductions in 
traffic speed and the installation of crash barriers. In 
the case of rare or threatened plant communities, the 
rarity and value of that plant community should trig- 
ger a more detailed analysis of management options 
and a willingness to do more to protect it. Minimising 
damage to existing roadside vegetation also reduces 
the effort required to manage the weeds that colonise 
disturbed ground. 
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SUMMARY 


Roads in arid ecosystems present unique challenges for road planners and managers, as these ecosystems 
are highly sensitive to changes in water flows. Water from rainfall is the major force shaping these ecosys- 
tems and drives productivity. Roads concentrate water from rain or condensation at their edges as water runs 
off their surfaces. In arid ecosystems, this water-shedding generally results in an attraction for a number of 
animal groups, and as a consequence, wildlife-vehicle collisions (WVC) and roadkill are frequent. Arid land- 
scapes are naturally open, and so roads generally do not fragment habitat and/or act as a barrier to animal 
movement to the same extent as in forested or other more densely vegetated ecosystems. Simple and effective 
solutions can be deployed to reduce the rate of roadkill, but care must be taken to avoid introducing other 
road impacts not currently issues for the majority of arid-zone roads. Highly engineered multi-lane roads in 
arid lands have additional barrier effects and influence water flows at significantly greater scales than the 
typical roads servicing the small populations of these regions. 

47.1 The majority of roads in arid ecosystems act as an attractant for animals, which may increase 
animal densities around roads. 

47.2 The attraction to arid-zone roads can lead to an increased incidence of WVC. 

47.3 Roads in arid zones that are highly engineered, multi-lane and/or built on embankments cause 
additional effects, including habitat fragmentation. 

47.4 Minimising the scale of microhabitat differences at the edges of arid-zone roads, or lengthening 
the distance over which water is shed, may reduce their attractiveness and lessen their impact. 
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47.5 New roads and upgrades to existing roads in arid environments must consider landscape features, 
topography and animal species likely to be present and be designed to maintain landscape function which 
is easily disturbed in this environment. 

The arid lands represent a significant challenge to road builders as impacts to ecosystems and wildlife are 
easily manifested, but costs of mitigation are high relative to the number of road users. Roads are typically 
traversed at high speed between distant population centres and are best threaded through zones of prior 
heavy human use (e.g. stock or caravan routes) rather than pristine habitat. 


INTRODUCTION 


Arid (O-300mm annual rainfall) and semi-arid 
(300-600mm annual rainfall) lands are present on 
every continent and cover approximately one third of 
the earth’s land surface (Kinlaw 1999). They are 
characterised by low rainfall and the presence of 
drought-adapted plants and unique wildlife that are 
unevenly distributed in the landscape and highly sen- 
sitive to disturbance. Given their extent and sensitivity, 
appropriate and informed management of arid-zone 
roads and other linear infrastructure is of major impor- 
tance. The many roads running through arid and 
semi-arid areas have the potential to negatively impact 
specialised plant communities and unique wildlife 
which have low resilience to man-made disturbances 
and landscape degradation. However, strategic man- 
agement of the impacts of arid-zone roads is hampered 
by a lack of detailed information on the interaction 
between the ecosystems traversed by roads and road 
effects. The majority of road ecology investigations 
have been undertaken in temperate regions where 
impacts are likely to be different. 

The scale of road effects is likely to vary among eco- 
systems due to the different ways that roads interact 
with their ecological processes (Brooks & Lair 2005). 
For example, water run-off from road surfaces is likely 
to have greater effects on plant growth near roads in 
arid ecosystems as compared with more mesic (wetter) 
environments because water limits primary productiv- 
ity in arid areas (Westoby 1980). Effects of enhanced 
plant growth along roads in arid ecosystems may sub- 
sequently affect animal distributions and abundance 
more so than in mesic environments, due largely to the 
patchier distributions and more limited amounts of 
food resources in arid regions (Stafford Smith & Morton 
1990). Given the open nature of arid landscapes, typi- 
cal single-lane roads in arid environments are less 
likely to act as barriers to animal movement compared 
to similar roads in forested environments. Animals 
that live in arid areas are adapted to traversing open 


areas lacking cover to access resources present in 
patches unevenly distributed in the landscape. However, 
highly engineered, multi-lane arid-zone roads may 
nonetheless be barriers. 

This chapter outlines the unique challenges for low- 
formation, single-lane, sealed roads typical in many 
arid landscapes. These are generally less than 10m 
wide and lack features such as bridges, median strips 
and crash barriers. This chapter discusses simple and 
effective solutions, based on sound ecological princi- 
ples, which can be easily deployed to manage arid-zone 
roads and minimise impacts on animals. We also 
outline the impacts and challenges for other types of 
arid-zone roads, such as those that are multi-lane, ele- 
vated on embankments or are highly engineered. 


LESSONS 


47.1 The majority of roads in arid 
ecosystems act as an attractant for animals, 
which may increase animal densities around 
roads 


The condition of plant species and the response of ani- 
mal species to arid-zone roads vary according to their 
specific habitat preferences and, in the case of animal 
species, also their behaviour (Brooks & Lair 2005; 
Lee & Croft 2009). However, roads in arid ecosystems 
generally increase the cover, quality and productivity 
of plants in the road verge, particularly in the area 
directly adjacent to the road where water runs off the 
road surface (Johnson et al. 1975; Lightfoot & Whitford 
1991; Norton & Stafford Smith 1999; Brooks & Lair 
2005), and therefore act as an attractant rather than 
deterrent for most species of wildlife. This is because 
water limits productivity in arid ecosystems and, where 
present, drives plant growth and animal distributions 
(Textbox 47.1; Fig. 47.1). 

A range of animal groups are attracted to arid- 
zone roads and their verges for the increased 
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Textbox 47.1 A study of vegetation quality in relation to an arid-zone road and influencing factors. 


Lee (2006) investigated the effects of an arid-zone road 
in inland Australia on vegetation quality and the factors 
that influenced vegetation quality. Five sites along the 
road verge and into the hinterland were investigated for 
2 years in each of a hilly and floodplain landscape. Data 
on ‘greenness’ (a measure of quality) of vegetation 
classified into five categories (grasses, forbs, copper 
burrs, flat-leafed chenopods and round-leafed chenop- 
ods) were collected at survey sites. Soil moisture, 
chemistry and compaction data were also collected. 
The study found that vegetation ‘greenness’ was 
higher at the road edge (Fig. 47.1) than into the 


hinterland, with the effect more pronounced in the hilly 
than the floodplain landscape. Water availability gov- 
erned vegetation quality, and the road’s effect of redis- 
tributing water towards its edges contributed to 
enhanced vegetation quality at the roadside, espe- 
cially in the hills. Soil nutrients had a lesser influence 
on vegetation quality relative to water availability. 

The study demonstrated that the mechanism of 
vegetation enhancement by roads in arid ecosystems 
differed from those identified in other ecosystems, as 
water additions enhanced vegetation rather than nutri- 
ent additions as found in other ecosystems. 


Figure 47.1 Increased cover, quality and productivity of plants along an arid-zone road in inland Australia. This arid- 
zone road is a typical low-formation, single-lane, sealed arid-zone road less than 10m wide, lacking features such as 
bridges, median strips and crash barriers. Source: Photograph by E. Lee. 


concentration of resources in these areas relative to 
surrounding areas, resulting in higher animal densi- 
ties. Many animal species are attracted by the availa- 
bility of green pick (soft, nutrient-rich grasses/ 
herbs), seeds and insects present in arid-zone road 
verges, as well as free-standing water on these roads 
(Garland & Bradley 1984; Boarman et al. 1997; Starr 
2001; Lee et al. 2004). Sealed roads hold heat, so 


animal species, such as basking reptiles, are attracted 
to this heat source during cool conditions (Rosen & 
Lowe 1994; Tanner & Perry 2007; Chapter 32). 
Predators are in turn attracted to the higher densi- 
ties of their prey near arid-zone roads (Knight & 
Kawashima 1993; Dean et al. 2005; Dean et al. 
2006; see also Chapters 33 and 35). In effect, roads 
in arid ecosystems create a man-made, linear, rich 
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patch in which vegetation is highly productive and 
animals concentrate. 


47.2 The attraction to arid-zone roads can 
lead to an increased incidence of WVC 


The attraction of animals to resources concentrated 
along arid-zone roads ensures a relatively constant 
presence of animals that may stray into the path of 
vehicles. Arid-zone roads do not generally fragment 
the landscape and/or act as a barrier to animal 
movement to the same extent as roads in most other 
ecosystems. Arid ecosystems are naturally open and 
characteristically patterned, with productive vegetated 
areas scattered among a larger area of unproductive 
open spaces (Stafford Smith & Morton 1990). Mobile 
animals, including smaller animals such as small 
mammals, regularly traverse these open spaces to 
access resources. Thus, the open passageways of arid- 
zone roads, which are typically less than 10m wide, 
are not generally perceived by such mobile animals 
as hostile environments that cannot be traversed. 

The attraction and presence of animals can lead to 
an increased incidence of WVC and roadkill. For exam- 
ple, the attraction of the road as a heat source for 
snakes on cool evenings was likely a factor influencing 
snake mortality on a highway through the Sonoran 
Desert in Southern Arizona, United States (Rosen & 
Lowe 1994). Similarly, basking opportunities were a 
factor influencing lava lizard mortality on a road tra- 
versing arid environments in the Galapagos Islands 
(Tanner & Perry 2007). The attraction of desert tor- 
toises in the Mojave Desert, United States, to preferred 
forage species along the road placed them at risk of 
mortality from vehicles (Boarman et al. 1997). 
Predators and scavengers attracted to roadkill, such as 
crows, ravens, owls, weasels, cats and dogs, often form 
secondary roadkill (i.e. killed in collisions with vehicles 
while preying upon roadkilled carcasses) (Dean et al. 
2005, 2006; Bullock et al. 2011; Chapter 33). 

It is possible that roadkills along arid-zone roads 
may impact on higher-order ecosystem responses, that 
is, populations and communities. In relation to animal 
communities, Lee and Croft (2009) examined roadkill 
patterns of three kangaroo species in arid central 
Australia and found that two kangaroo species were 
killed on roads more often than expected by chance 
alone, while the third was killed less often than 
expected. Snakes and frogs in the Sonoran Desert in 
Arizona, United States, are particularly susceptible to 
being killed on roads compared to other animal groups 


due to their particular behavioural characteristics and 
limited mobility (Grandmaison 2012). Members of the 
crow/raven family may also be killed more often than 
other birds of prey along roads in arid environments 
(e.g. the Karoo, South Africa; Dean & Milton 2003). 


47.3 Roads in arid zones that are highly 
engineered, multi-lane and/or built on 
embankments cause additional effects, 
including habitat fragmentation 


Low-formation, low-traffic-volume, single-lane roads 
are typical in many desert ecosystems where human 
population densities are low. However, some highly 
engineered, multi-lane and/or more elevated roads are 
present in desert environments supporting higher 
human population densities (e.g. south-western United 
States and Israel). Such roads have a host of different 
effects (Textbox 47.2; Figs 47.2, 47.3 and 47.4). 

Elevated roads and railways (i.e. built on fill or 
embankments) in arid ecosystems can have significant 
impacts on the natural hydrology beyond the concen- 
tration of water along their edges, leading to more 
widespread impacts on surrounding biodiversity (see 
also Chapter 44; Fig. 58.3). Without adequate drain- 
age structures to redistribute water, embankments can 
act as barriers to natural patterns of overland water 
flow. This can result in ponding on the upstream side of 
roads and the creation of downstream ‘drainage 
shadows’ which can cause moisture stress to both 
upstream and downstream vegetation communities. In 
arid Australia, trees such as mulga are dependent on 
overland sheetflow of water for survival (Dunkerley 
2002). Mulga can show signs of moisture stress due to 
either drought (too little water) or drowning through 
saturated soils/long periods of inundation (too much 
water) and, if stressed for prolonged periods, can result 
in large-scale mulga death. Elevated arid-zone roads 
can also result in higher levels of scouring at floodways 
following high-intensity rain or flood events, degrad- 
ing the surrounding arid environment. 

Habitat fragmentation is also more of an issue along 
multi-lane and elevated arid-zone roads. Garland and 
Bradley (1984) found that seven out of eight species of 
arid rodents generally avoided crossing a four-lane 
highway in the Mojave Desert, and only a single indi- 
vidual of the species that did cross was recorded. The 
disturbance associated with the road environment 
(traffic and mowing of the verge) or the road surface 
was thought to be the cause of the avoidance as there 
were no major physical barriers preventing their 


Textbox 47.2 The impacts of multi-lane roads in arid areas. 


Multi-lane roads have additional impacts to the more 
typical low-formation, low-traffic-volume, single-lane 
arid-zone roads, including (i) habitat fragmentation, (ii) 
altered water regimes and (iii) the creation of new and 
unintended habitats. Large roads cut through the 
landscape and dissect habitat patches, thereby creat- 
ing new patches. The effects of fragmentation depend 
on an animal’s body size, the size of its home range 
and level of mobility and its willingness to cross gaps. 
Highly engineered roads with their concrete drainage 
systems, wide verges or solid crash barriers form 
additional barriers to wildlife movement, especially to 
smaller animals (Fig. 47.2). 

While water is the most limiting resource in arid 
areas, the occasional floods are major forces that can 
reshape the landscape. The types of rock formation 
and of soil have a large impact on water flow 


behaviour. Highly engineered roads usually change 
natural water flows, along with energy, soil and nutri- 
ent fluxes, playing a major role in determining the dis- 
tribution and abundance of animals in the landscape. 
Their impacts may vary greatly between years due to 
different precipitation levels. Where roads cross dry 
river beds with occasional strong floods, some engi- 
neering solutions disrupt landscape connectivity and 
may create additional problems. Such solutions 
include netting the surface below a bridge into gabi- 
ons (Fig. 47.3) where animal movement and the natu- 
ral flow of water, soil and organic material are 
negatively affected. 

Changes in relief, water availability and shading cre- 
ate new local conditions and microhabitats that did 
not previously exist (Fig. 47.4), sometimes with unin- 
tended consequences. 


Figure 47.2 A large, multi-lane and engineered arid-zone road may fragment habitat. Source: Photograph by 


T. Achiron-Frumkin. 


Figure 47.3 Netting the surface below a bridge into gabions may affect the natural flow of water, soil and organic material 
and may also affect animal movement. Source: Photograph by and reproduced with permission of Dr. Ron Frumkin. 
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Figure 47.4 Cuts in hills create a new local conditions and microhabitats. Source: Photograph by T. Achiron-Frumkin. 


movements across the road, the road was not elevated, 
and the species investigated regularly traversed dis- 
tances equivalent to the road width. Other small ani- 
mals such as reptiles could also avoid crossing 
multi-lane and elevated arid-zone roads (Chapter 32). 
Habitat fragmentation would also be expected to 
increase on multi-lane roads with artificial lighting 
that would deter nocturnal animals and expose them 
to increased predation (Chapter 18). 


47.4 Minimising the scale of microhabitat 
differences at the edges of arid-zone roads, 
or lengthening the distance over which 
water is shed, may reduce their 
attractiveness and lessen their impact 


Given the increased risk of WVC potentially impacting 
on animals at the population or community level, arid- 
zone roads should be managed to reduce their attrac- 
tiveness to animals. However, this is difficult due to the 
nature of the attraction. Water will always be limiting 
in an arid environment, and arid-zone roads, including 
unsealed ones, will always be designed to shed water 
from rain or condensation to their edges and into the 
road verge, resulting in a concentration of water, green 
pick or other limiting resources in this area. There may 


also be significant costs associated with implementing 
some engineering solutions to prevent roadkill, includ- 
ing fencing (given the large area traversed by arid-zone 
roads), distance between human population centres 
and the relatively low number of human road users in 
arid regions compared with more populated temperate 
zones. Cheaper management options include minimis- 
ing rather than increasing the scale of microhabitat 
differences at the edges of arid-zone roads (between 
where the road surface ends and the verge starts) and 
attempting to draw animals away from the traffic zone 
of the road or prevent them from accessing the road. 
There are anumber of methods that could be deployed 
to minimise the scale of microhabitat differences at the 
road edge. One method is to change mowing and grad- 
ing practices, which are common forms of roadside 
maintenance undertaken to improve driver visibility 
and allow safe movement of vehicles onto the road 
shoulder (Chapter 46). However, mowing promotes the 
growth and diversity of short palatable grasses and 
herbs that are attractive to many herbivores and often 
remove more unpalatable species and overshadowing 
shrubs (Chapter 42). Grading increases erosion and 
temporarily raises dust. Both mowing and grading 
may transport invasive plant materials and promote 
suitable conditions for their growth (Figs 46.4 and 
46.5). Thus, mowing and grading practices usually 
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increase rather than decrease microhabitat differences 
at the edges of arid-zone roads relative to surrounding 
areas. Managers should consider the costs and benefits 
of these practices and their transformative effects on 
the road verge (increasing microhabitat differences). 
They should also consider the effect of the timing of 
these practices. Arid-zone vegetation is typically slow 
growing or erupts briefly after rain when there is a 
burst of plant growth across the landscape. Thus, these 
practices may only be necessary, with an appropriate 
growth lag, after rare heavy and sustained rainfalls in 
arid zones. 

Another method to minimise the scale of micro- 
habitat differences along arid-zone roads is the use of 
different road surfaces that do not retain as much 
heat as a dark, bitumen surface, for example, a white 
concreted surface. 

In terms of measures that draw animals away from 
the traffic zone of the road, the distance over which 
water is shed from the traffic zone to the road verge can 
be lengthened, with road shoulders used to act as a 
buffer between the traffic zone and the road verge 


Traffic 
zone of 
road 


Road 
shoulder 


Road 
verge 


Current scenario 


(Fig. 47.5). Increasing the width of the road shoulder 
will also provide a larger buffer between animals and 
vehicles and give drivers more opportunity to detect 
and avoid animals. 

Fencing may be appropriate in some circumstances 
to prevent animals from accessing the road (Boarman 
et al. 1997; Grandmaison 2012; Chapter 20). However, 
this option would be impractical along large stretches 
of arid-zone roads and should only be used on a case- 
by-case basis in areas specifically demonstrated to be 
roadkill hotspots. Effective fencing without sufficient 
and adequate crossing structures will also result in a 
complete barrier to movement of wildlife. 

It should be remembered that management actions 
to reduce the attractiveness of arid-zone roads and 
lower the incidence of WVC and roadkill should pro- 
duce a net benefit. We have suggested widening road 
shoulders to increase the distance between the traffic 
zone and the road verge. However, some rodent species 
in the Mojave Desert avoided crossing arid-zone roads 
that had a total clearance of 69m (Garland & Bradley 
1984), which is wider than the clearance of a typical, 


Better scenario 


Figure 47.5 Increase the widths of water-shedding road shoulders (shown in yellow) to draw animals away from the traffic 
zone of the road and improve peripheral vision for drivers. Source: Illustration by E. Lee. 
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single-lane, arid-zone road. Thus, there will be a 
threshold in width where arid-zone roads are a barrier 
to the movement of wildlife. Once the threshold is 
reached, populations on either side of the road could 
become fragmented — an undesirable management 
outcome. The installation of fences to prevent roadkill 
could also prevent movement across arid-zone roads, 
fragmenting and preventing gene flow between popu- 
lations on either side. Thus, in formulating and imple- 
menting management actions, we must consider all 
potential ecological impacts and conflicts that may 
exist among the possible solutions. 


47.5 New roads and upgrades to existing 
roads in arid environments must consider 
landscape features, topography and animal 
species likely to be present and be designed 
to maintain landscape function which is 
easily disturbed in this environment 


There are numerous factors that should be considered 
when planning and constructing new roads and 
upgrading existing roads in arid ecosystems. First, 
topography and drainage patterns must be considered. 
For example, roads that run straight up hill slopes in 
arid ecosystems will promote soil erosion and the devel- 
opment of rills and gullies. Roads built on embank- 
ments that run parallel to elevation contours will alter 
the natural run-off patterns in arid ecosystems by 
blocking the flow of surface water or redirecting water 
along roadside ditches to low points or culverts along 
the road. This results in ponding upslope and drainage 
shadows downslope or concentrated discharges of 
water. These potential impacts should be avoided, 
either through changes in the alignment of the road or 
the implementation of drainage or water retention/sta- 
bilisation measures (Chapter 44). Drainage measures 
include those that capture and redistribute surface flow 
in a manner that mimics natural flow. Water retention 
and stabilisation measures include those that have the 
capacity and stability to allow for the large volumes of 
water and sediment that flow through arid ecosystems 
during high-intensity rain and flood events. 

Second, the use and response of animals to land- 
scape features which increases vulnerability to WVC 
or habitat fragmentation must be considered. Arid- 
zone animals often cross roads to reach specific 
resources (e.g. water) and will often repeatedly use the 
same route. Some threatened desert species, such as 
the desert tortoise in the Mojave Desert, United States, 
are particularly vulnerable to becoming roadkill due to 


their wide-ranging but slow movement (Boarman & 
Sazaki 2006). New roads should aim to avoid bisecting 
areas that animals are known to traverse or where 
threatened species are present and vulnerable to road 
impacts. If this is unavoidable, then careful design 
should be used to minimise and mitigate unavoidable 
impacts. 


CONCLUSIONS 


The collection of water at arid-zone road edges, both 
on the road shoulder and in the road verge, drives 
many of the ecological effects of roads in arid ecosys- 
tems, the most obvious of which is roadkill. To reduce 
the rate of WVC and roadkill and manage any potential 
impacts at the population and community level, man- 
agement actions must seek to reduce the microhabitat 
differences at the road edge or implement measures to 
draw animals away from the traffic zone. The construc- 
tion of new roads through arid landscapes must con- 
sider factors such as landscape positioning, animal use 
of the landscape and the presence of threatened ani- 
mal species. 


FURTHER READING 


Boarman and Sazaki (2006): Study conducted in the Mojave 
Desert in California, United States, which found that the 
abundance of desert tortoise was depressed in a zone at 
least up to 400 m from the edge of a highway. 

Morton et al. (2011): Provides a revised set of propositions 
about ecology in arid Australia and argues that most fea- 
tures of Australian deserts are explicable in terms of two 
dominant physical and climatic elements: rainfall variabil- 
ity, leading to extended droughts and occasional flooding 
rains, and widespread nutrient poverty. Discusses the extent 
to which the ecology of Australian deserts is ‘different’, 
‘accentuated’ or ‘universal’ in comparison with other 
deserts of the world. 

Stafford Smith and Morton (1990): Discusses the ecology of 
arid Australia and describes how arid ecosystems are natu- 
rally open and characteristically patterned, with productive 
vegetated areas (relatively fertile and moist) scattered 
among larger areas of unproductive (infertile and arid) 
open spaces. 

Tanner and Perry (2007): A study of road impacts on lava 
lizards in arid areas of Santa Cruz, Galapagos, which 
showed lower abundances near roads and also greater rates 
of prior tail loss closer to roads, suggesting an impact on 
fitness for those living close to the road. 

Westoby (1980): Discusses vegetation dynamics in arid 
rangelands to explain patterns and processes of vegetation 
succession. 
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SUMMARY 


Urban areas are unique ecosystems with many distinctly human-centric features not found in other envi- 
ronments; both humans and animals of urban environments must be able to habituate and adapt to many 
novel influences. Such adaptation includes learning to cope with roads and traffic, which are found in high 
densities in cities and towns. Perhaps unexpectedly, urban environments often support high levels of biodi- 
versity. Habitats provided by gardens, parks, reserves and roadsides are essential for the survival of wildlife, 
and these areas are often greatly valued by human residents. 

48.1 Urban environments support biodiversity. 


48.2 The ecological effects of roads are more intense in urban areas. 
48.3 Roads are often directly connected to important riparian habitats. 
48.4 Road impacts and mitigation measures are more conspicuous in urban areas. 
48.5 Urban roads affect people as well as wildlife. 
48.6 Better urban road planning requires community involvement. 
48.7 Raise the profile of road ecology research in the urban landscape. 
The presence of people provides both a major obstacle and potentially the key element to successful appli- 
cation of urban and road ecology principles to urban road issues. We contend that people — the defining 
characteristic of cities — must be included at all levels of road design and implementation. 
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INTRODUCTION 


For the first time in human history, most people on Earth 
now live in cities. While the definition of what constitutes 
‘urban’ varies greatly, we use the term broadly to refer to 
areas where people live and work in large numbers or 
high density. As such areas expand, so too do road net- 
works and the number of vehicles. These developments 
pose significant challenges for urban planners seeking to 
balance demands for the safe and efficient movement of 
people and goods via private motor vehicles, public trans- 
port, cycling and walking, along with the provision of 
green space and the protection of biodiversity. The rela- 
tively new fields of urban ecology and road ecology 
offer important opportunities to address these chal- 
lenges. Much of the focus of road ecology has, however, 
been on rural areas and wildlands; urbanised areas, the 
cities and towns where most people live and work (Miller 
2006), have largely been ignored by road ecologists. This 
is unfortunate because many urban areas support diverse 
and, in some cases, rare and endangered species, espe- 
cially in the rapidly urbanising fringes. The presence of 
the dense road networks typical of cities may be particu- 
larly detrimental to local biodiversity, green space, safety 
and quality of life in urban areas. In many cases, the 
expansion of road networks associated with urbanisation 
includes little consideration for biodiversity or, indeed, the 
people either. While it may seem obvious that roads are 
constructed to aid human movement, the associated 
impacts of poorly planned roads on local residents may 
be significant. People care about the places they live in 
and are often willing to fight for the conservation of local 
wildlife sites more than for places further away (Rhode & 
Kendell 1994). As many road planning and design com- 
mittees have experienced, well-organised and motivated 
community groups contesting local issues can be either 
formidable opponents or valuable allies (Chapter 59). 

In this chapter, we outline some key issues associ- 
ated with the concepts and implementation of road 
ecology in cities and towns, emphasising the centrality 
of people — as concerned residents, members of com- 
munity groups and road users — in discussions on road 
planning and design. 


LESSONS 


48.1 Urban environments support 
biodiversity 


It is often suggested that cities are effectively devoid of 
nature, due to the overwhelming changes associated 
with human development. However, a common finding 


by urban ecologists has been the presence of a remark- 
able diversity of wildlife species and natural habitats 
within many urban areas (McDonnell et al. 2009). 
Historically, people have tended to settle in areas with 
fertile soils, reliable water supplies and other natural 
resources that can sustain human settlements. As a 
result, many urban areas occur on biodiversity hot- 
spots, and evidence of this former biodiversity is still 
present in many cities and towns (e.g. van der Ree & 
McCarthy 2005). Urbanisation is now recognised glob- 
ally as a major threatening process and has led to 
dramatic and often catastrophic impacts on local bio- 
diversity, with many more extinctions likely within the 
present century (Marzluff 2001). 

Most species that are sensitive to habitat loss and 
fragmentation or that require specific ecological pro- 
cesses (e.g. fire or flooding) do not persist following 
urbanisation. With existing cities, urbanisation pri- 
marily occurs at the interface with rural lands 
(McDonnell et al. 2009). While such urban sprawl is 
often an intensification of land use (typically rural to 
suburban), there may be vastly different levels of biodi- 
versity present prior to development. The total area of 
suburban habitat available to wildlife is often substan- 
tial: in the United Kingdom, for example, gardens in 
total occupy a much greater area than all conservation 
reserves combined (Chamberlain et al. 2009). Thus, 
the matrix of vegetated house yards, urban parklands 
and remnants of natural ecosystems that make up 
many suburban areas are major components of the 
landscape, and often support unexpectedly rich 
faunas. In addition, structures found in cities may be 
utilised by large numbers of native species; the immense 
roosts of bats under certain bridges being an obvious 
example (Fig. 34.3). 

One of the most obvious outcomes of urbanisation 
is the loss of many species (Marzluff 2001) along 
with the proliferation of a few resilient and adapta- 
ble species. White-tailed deer of North America, roe 
deer in many parts of Europe and eastern grey kan- 
garoos in Australia are large mammals now abun- 
dant in the suburbs or on the urban-rural fringe of 
some cities (Huijser & McGowen 2010, Ramp 2010; 
Chapter 42). While each of these species is associ- 
ated with serious motorist safety issues (Clevenger & 
Ford 2010), there are many other common animals 
that concern the community because of high rates 
of roadkill. 

Many cities contain green spaces that have been 
protected from urbanisation because of their benefits 
to humans (e.g. recreation and aesthetics) or the 
biodiversity they protect (Marzluff 2001). These urban 
green spaces are often threatened by proposals to 


develop them for housing, roads or other infrastruc- 
ture. Because of their value to society, community 
opposition to such development can be especially 
pronounced. If carefully handled, however, such con- 
troversies can also lead to innovative solutions and 
long-term community support (Bond & Jones 2008; 
Textbox 48.1, Fig. 48.1). 


48.2 The ecological effects of roads are 
more intense in urban areas 


It is in urban areas that the most dense and concen- 
trated networks of roads are found, as well as the 
highest volumes of traffic (Beckman et al. 2010). 
Since the size of the ‘road-effect zone’ (Chapter 1) 
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increases with road density, road width and volume 
of traffic, the scale and intensity of related impacts 
would be expected to be greater in urban areas. These 
impacts are exacerbated by the fact that urban 
landscapes have already been dramatically altered. 
Despite these impacts, many species and habitats 
continue to exist in cities and towns throughout the 
world. For biodiversity to persist, it is critical that 
issues such as habitat connectivity and measures to 
reduce the rate of roadkill are integrated into new 
road and upgrade projects. This is particularly rele- 
vant where urban areas are expanding into rural or 
natural landscapes with moderate to high levels of 
biodiversity. Without careful planning, such areas 
are likely to become degraded and dominated by 
urban-adapted and invasive species. 


Textbox 48.1 Compton Road, Australia: Successful mitigation through dialogue. 


When the Brisbane City Council in Queensland, Australia, proposed to double the width of a major arterial road 
that traversed a nationally significant nature reserve, many predicted a bitter and long-running dispute with the 
well-organised local community group. Instead, the city initiated a planning committee consisting of all stakehold- 
ers and road ecology experts. This resulted in the highest density and variety of wildlife crossing structures found 
anywhere in the world, with two underpasses, three canopy rope bridges, a set of glider poles and a wildlife over- 
pass along 1.3km section of the four-lane road (Fig. 48.1). The council also committed to a 10-year monitoring 
programme to evaluate use and effectiveness of the mitigation. 


Figure 48.1 Wildlife overpass at Compton Road, in the suburbs of Brisbane, Australia. Due to successful negotiations 
between local government, community groups, ecologists and engineers, this site has a wide variety of mitigation 
measures to allow wildlife to cross the road. Source: Photograph by Darryl Jones. 
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48.3 Roads are often directly connected to 
important riparian habitats 


In many cities, major roads are often built adjacent to 
existing waterways, typically because these places 
provide space for such developments. Rivers and 
creeks are almost always important habitats and 
movement corridors for wildlife, and are vulnerable to 
the impacts associated with excessive run-off (Iuell 
et al. 2003; Chapters 44 and 45). Roads frequently 
intersect with urban stormwater systems, which 
often feed directly into local riparian networks. Roads 
and drainage systems are designed to move the water 
off the road as quickly as possible to improve driver 
safety and minimise damage to the road infrastruc- 
ture. Typically, this means channelling run-off directly 
into natural waterways adjacent to the road through 
curbs, drains and pipes. The result is often large 
volumes of water entering the waterway, moving at 
considerable velocities and carrying high quantities 
of pollutants. The combination of periodic major 
flushes and contaminants represent serious threats to 
the health of species that live in and move along the 
riparian systems (Chapter 45). Changing the design 
of the water management systems associated with 
roads in many urban areas is among the most impor- 
tant yet achievable changes to the design of roads. 
Small mammals and amphibians often explore and 
become trapped in the drainage infrastructure (e.g. 
curbs and drains), and exclusion grids or escape 
mechanisms should be included on all future projects 
that dissect habitat for these species. 


48.4 Road impacts and mitigation 
measures are more conspicuous in 
urban areas 


Roadkill and other impacts of roads and traffic often 
appear more apparent in urban areas because of the 
high density of humans. This also means that wildlife 
crossing structures are more conspicuous and accessi- 
ble to people. By contrast, most wildlife crossing struc- 
tures are located far from urban centres and access by 
the public is limited or prevented entirely. This means 
that local groups and residents — often including those 
who were involved in campaigns for their construction — 
have enhanced ‘ownership’ of such structures in urban 
areas and may remain frequent visitors and even will- 
ing participants in monitoring of fauna use (e.g. the 
Groene Woud wildlife overpass in the Netherlands, van 
der Grift et al. 2010). 


Wildlife crossing structures are often also utilised by 
people. Depending on the intention of the planners of 
the structure, human usage may be allowed, encour- 
aged or actively discouraged, although complete exclu- 
sion of access to determined trespassers is often difficult 
to ensure. The extent to which crossing structures may 
be used beneficially by both humans and wildlife ani- 
mals remains a vigorous debate (Chapter 22; van der 
Grift et al. 2010), especially in Europe where the den- 
sity of human settlements has meant that many such 
structures are within easy access to local recreation- 
ists. Chapter 22 summarises the extent of knowledge 
on recreational co-use of wildlife crossing structures 
and presents some guiding principles to inform their 
design and to evaluate effects co-use on wildlife. 


48.5 Urban roads affect people as well 
as wildlife 


The main focus of road ecology is on wildlife and natu- 
ral habitats, but it is important to appreciate that roads 
and traffic also affect people. In some cases, roads may 
divide communities when safe crossing passages are 
not provided. This is especially important in regions 
where many people walk and cycle (Forman 1999). 
Traffic noise, light, particulates and chemical pollution 
associated with roads and traffic also affect the quality 
of life of people living near major roads (Forman et al. 
2003). Poorly designed roads impact motorists and the 
community through traffic congestion, increased com- 
muter times, travel costs, vehicle maintenance and 
associated issues. By contrast, road design that incor- 
porates ecological principles also benefits humans, 
especially when other modes of transport, specifically 
bicycle paths and public transport, are provided and 
promoted. Issues associated with railway lines and 
industrial linear infrastructure are addressed else- 
where (Chapters 26 and 28), but paths and trails for 
cyclists, pedestrians and horse riders can also affect 
wildlife (Fig. 32.3), and must be designed accordingly. 


48.6 Better urban road planning requires 
community involvement 


Construction of a new road or an upgrade to an exist- 
ing road is a complex and challenging process (Fig. 4.1, 
Table 4.1). These challenges are accentuated in urban 
settings because of competing demands for space, high 
costs of land and the involvement of a wide range of 
stakeholders. Addressing these common dilemmas in 


an urban setting requires two fundamental considera- 
tions: (i) the necessity for landscape-scale planning; 
and (ii) the genuine engagement of all key stakeholder 
groups. Both must be included throughout the plan- 
ning and design process since redressing a neglected 
issue is often impossible or expensive once the road has 
been completed (Chapter 9). 

It is almost always the case that the least expensive 
route for a new arterial road in urban areas is through 
existing greenspace such as parks and conservation 
reserves. However, the cheapest route is not always the 
optimal because such areas are typically the source of 
much of the local biodiversity and of significant value 
as open space to the community, with health and rec- 
reational benefits. Plans to dissect or destroy these 
green spaces are commonly subject to vehement oppo- 
sition from the public and subsequently low levels 
of support for a planned road project (Chapter 59). 
A transparent dialogue with a wide variety of stake- 
holder groups and relevant experts is essential to 
achieving an outcome that benefits people and biodi- 
versity. Achieving a successful and mutually produc- 
tive outcome requires trust and respect between the 
parties, which takes time and effort. 

Experience from committees (from many countries) 
formed to encourage dialogue between the road design 
team and the public has demonstrated some common 
themes, with perhaps the most fundamental being the 
extent to which one side is ignorant of the key con- 
cerns of the others (Iuell et al. 2003). For example, 
road engineers are often unprepared for the level of 
preparation and personal commitment shown by 
many community members. On the other hand, pri- 
vate individuals are frequently focused on specific 
issues or locations, while consulting ecologists may 
have unrealistic expectations of the flexibility of the 
process. A key element of success is the willingness and 
ability of each party to explain their concerns and 
expectations clearly and to listen to alternative views. 
Of course, such a process depends on effective facilita- 
tion, preferably by a neutral party, or at least a person 
respected by all sides. 


48.7 Raise the profile of road ecology 
research in the urban landscape 


Road ecology research and practice has occurred 
mainly in rural areas and wildlands, typically far from 
the scrutiny and demands of the urban public. As we 
have described in this chapter, the impacts and influences 
of roads in urban areas are often severe and more 
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concentrated than elsewhere. Road ecology research 
that focuses on urban landscapes is critically needed (van 
der Ree 2009). Important research questions include 
the following: (i) What is the optimal design of multi- 
use crossing structures that allow effective use by people 
and wildlife? (Chapter 22); (ii) How to evaluate if a 
crossing structure is likely to be effective at preventing 
an endangered species from going extinct, given other 
urban pressures?; (iii) What are the relative cost and 
benefits of the apparently competing values ascribed 
by local communities to features such as transportation 
convenience, preservation of local biodiversity and 
protection of local greenspace? 


CONCLUSIONS 


Cities have become the destination for an increas- 
ingly large proportion of humanity. Human activi- 
ties and infrastructure, including roads and traffic, 
are concentrated in these areas. The road networks 
in urban areas have expanded to cope with increas- 
ing human populations, often encroaching into the 
remaining greenspace. These areas are vital for the 
survival of local biodiversity and often greatly valued 
by residents who fear that roads and developments 
will eliminate or diminish the quality of their com- 
munities. Furthermore, many communities around 
the world are beginning to encourage the local and 
regional governments to reconsider the overwhelm- 
ing priority given to private vehicle transportation. 
While modern developed economies will always need 
road systems, serious discussions about alternative 
transportation options within urban landscapes are 
now needed. 

Road ecology research has led to several technical 
and practical solutions to many of these challenges, 
with certain mitigation structures and designs well 
suited to application in urban areas. A close and effec- 
tive working relationship among all parties is essential 
to ensure a successful balance between the demands of 
road users and the communities they serve. 


FURTHER READING 


Marzluff et al. (2001): An edited volume about the impacts of 
urbanization on birds. 

McDonnell et al. (2009): A published volume of 35 chapters 
focusing on the impacts of urbanization on biodiversity and 
recommendations on directions for sustainable urban 
developments. 
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Miller (2006): An influential and provocative article drawing 
attention to the increasing disconnection between people in 
cities and nature. 

van der Ree (2009): A review of road ecology research in 
urban areas. 
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CLIMATIC CONDITIONS: 
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FOR ROAD PLANNING, 
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SUMMARY 


The tropics cover 40% of the Earth but support most of the world’s biodiversity in terms of numbers of 
species, endemism and global hotspots. More than 49% of the Earth’s terrestrial species are contained within 
the 7% of the Earth’s land surface covered by tropical rainforests. However tropical drier forests, savan- 
nahs and wetlands also rank comparatively high in biodiversity. The construction and operation of roads in 
tropical areas can result in particularly severe ecological impacts, nevertheless many of the roads currently 
planned or under construction are found in remote tropical regions. 

49.1 The tropical rainforest biota is especially vulnerable to environmental impacts of roads due to spe- 
cialisations and diversity. 

49.2 Edge effects, barrier effects and weed growth are particularly severe in tropical rainforests because 
the unique stable forest microclimate contrasts with the extreme conditions in cleared roadways. 

49.3 Tropical animals are extremely vulnerable to hunting and roadkill when roads create access into 
remote areas. 
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49.4 Natural catastrophes and environmental conditions associated with tropical ecosystems exacer- 
bate road impacts. 
49.5 Narrow and unpaved roads with continuous canopy cover are preferred over the greater impact 
caused by wide and paved roads in tropical rainforest. 
49.6 Tropical roads often are located in developing nations aiming to improve their economies and stan- 
dard of living by opening frontiers of previously undeveloped lands. 
49.7 Where it is impossible to avoid undisturbed regions and sensitive habitats, sensitive tropical areas 
should either be protected before road construction or access should be restricted. 
49.8 Mitigation of tropical road impacts at the roadway scale can be achieved by maintaining canopy 
connectivity, minimising road width and restricting logging roads to low-impact areas. 

Due to the extreme environmental conditions that often occur in tropical areas and the sensitivity of many 
tropical ecosystems, avoiding sensitive and undisturbed areas is the best strategy for preventing road impacts. 
Due to the engineering challenges involved, avoiding such areas may also prove the least expensive option. 


INTRODUCTION 


The tropics cover 40% of the Earth’s surface between 
latitude 23.438°N and 23.438°S and include the 
greatest amount of forest cover in any climatic zone 
(Goosem & Tucker 2013). About 60% of the tropical 
forests remaining are highly diverse rainforests, many 
of which are included in 18 of the 35 global biodiver- 
sity hotspots (Zachos & Habel 2011). These generally 
receive more than 2000 mm of precipitation a year 
which can occur as periods of extremely heavy rainfall 
(Stork et al. 2011). Tropical rainforests are believed to 
house more than half of the world’s biodiversity 
because they support high levels of endemism and 
large numbers of rare or threatened species (Stork 
et al. 2011). These areas also often support indigenous 
people and remote minority groups with ancient cul- 
tures. Globally important tropical ecosystems also 
include dry forests, woodlands and wetlands, all of 
which rank highly in terms of diversity of biota (Zachos 
& Habel 2011). However, this chapter will mainly con- 
centrate on the great biodiversity and particular vul- 
nerability of tropical rainforests to the ecological 
impacts of roads. Rainforest vulnerability is a result of 
the specialised biota, complex structure and challeng- 
ing environmental conditions found in this ecosystem. 

The construction and operation of roads and high- 
ways in tropical areas can result in particularly severe 
impacts when compared with many other regions. 
Despite the severity of impacts, many major new roads 
through road-free areas are planned or are already 
under construction in tropical regions (Chapters 2, 50, 
51, 52, 53, 55 and 56). Additionally, tropical forest 


roads are often located in developing countries which 
have reduced financial means and capability to design 
and implement low-impact roads. 

This chapter aims to provide insights regarding the 
impacts of roads in tropical forests and explain why 
they are particularly severe. Avoidance of these sensi- 
tive areas is preferred, but mitigation measures that are 
currently considered best practice for rainforest roads 
are also discussed. 


LESSONS 


49.1 The tropical rainforest biota is 
especially vulnerable to environmental 
impacts of roads due to specialisations 
and diversity 


Although roads are known to cause serious environ- 
mental impacts in natural habitats all around the world, 
tropical habitats and especially rainforests are particu- 
larly vulnerable (Laurance et al. 2009). This is partly 
due to specialisation to the extremely complex architec- 
ture and unique humid, dark, stable microclimate found 
within rainforests. Additionally, the great biodiversity of 
tropical rainforests means that many more species are 
likely to be affected than in other terrestrial habitats. 
Many of these species are rare and/or restricted to very 
small areas, and a large number are now also endan- 
gered. In comparison with other habitats, these species 
are severely impacted by edge and barrier effects, and 
remote tropical areas suffer from human invasion and 
hunting when roads are constructed. 


49.2 Edge effects, barrier effects and 
weed growth are particularly severe in 
tropical rainforests because the 
unique stable forest microclimate 
contrasts with the extreme conditions 
in cleared roadways 


The majority of tropical rainforest animal and plant 
species are specialised for living in the forest interior 
and do not survive in the modified conditions found in 
roadway clearings or forest edges along roads. A clear- 
ing through rainforest for a road results in brighter, 
warmer, windier and drier conditions with greater 
fluctuation in light levels, temperature and humidity 
through day and night. This occurs not only in the 
roadway clearing but also at the edge of adjacent rain- 
forest (Pohlman et al. 2009). Increased moisture stress 
and higher wind speeds along the edge cause death or 
damage to trees, while greater light levels assist weeds 
and light-loving vines and pioneer trees to proliferate, 
thus changing the structure and floristics of the forest 
adjacent to the road (Laurance et al. 2009). 

Because plant growth is prolific in the tropics, 
grasses and weeds which can endure microclimate 
extremes quickly invade along roadsides, assisted by 
vehicles and animals transporting seeds (Fig. 49.1) 
(Laurance & Goosem 2008; Chapter 46). Weed species 
transform wide roadsides through a self-perpetuating 
cycle that alters fire regimes or prevents recruitment of 
other species. The modified vegetation structure in the 
roadside provides corridors that allow rapid dispersal 
of non-forest fauna, feral generalists (e.g. fire ants, 
feral pigs and mice, and cane toads), feral predators 
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(e.g. domestic cats and dogs) and diseases. These invad- 
ers may prey on, poison, destroy or simply out-compete 
native plants and animals (Laurance et al. 2009). 

Changes in the clearing and rainforest edge severely 
impact rainforest plant and animal species, because 
so many of the diverse rainforest species are special- 
ised for the cool, humid, stable conditions of the rain- 
forest understory. Rainforest animals ranging from 
ants (Dejean & Gibernau 2000), through understory 
birds (Laurance 2004), bats (Delaval & Charles- 
Dominique 2006), amphibians (Hoskin & Goosem 
2010) up to mammals as large as forest elephants 
(Blake et al. 2008; Gubbi et al. 2012) avoid not only 
the hot, dry road surface, traffic noise and human 
presence in the road clearing but also the altered 
microclimate and vegetation within the roadside and 
forest edge (Hoskin & Goosem 2010). Such edge 
effects can penetrate the forest for distances of 100 m 
or more (Laurance et al. 2009). 

Avoidance of noise, traffic and humans associated 
with roads and altered forest edges means that many 
rainforest understory animals rarely or never cross 
even narrow roads. Certain rainforest arboreal species, 
including monkeys, kinkajou, small primates such as 
pottos and some possums seldom or never venture to 
ground level and therefore have no viable means of 
crossing roads (Wilson et al. 2007; Laurance et al. 
2009). Therefore, clearings for larger roads and high- 
ways may form a complete barrier to many rainforest 
specialists, threatening population viability in the 
short term and potentially leading to genetic isolation 
and decay in the long-term (Laurance et al. 2004; 
Goosem 2007; Laurance et al. 2009). 


Figure 49.1 (A) Weeds, particularly grasses, grow prolifically along wide road clearings in the tropics but (B) can be 
controlled by allowing canopy to extend over the road. Source: (A) Photograph by and reproduced with permission of 


S. Goosem; and (B) Photograph by M. Goosem. 
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Figure 49.2 Hunting and roadkill are serious problems for the many rare and endangered species of tropical forests. 
(A) Malayan tapir roadkill, Perak, Malaysia. (B) Poachers captured by camera trap in underpass crossing structure, Malaysia. 
Source: (A) Photograph by and reproduced with permission of © WWF Malaysia/Sara Sukor; and (B) Photograph by and 


reproduced with permission of Rimba/Reuben Clements. 


Because tropical open forest, woodland and savan- 
nah habitats are drier and more open, the contrast in 
microclimate and habitat structure with the cleared 
roadway is less extreme than with rainforest. However, 
changes in vegetation structure and floristic composi- 
tion and in particular, weed invasions, still occur along 
roadsides (Hoffman et al. 2004; Goosem & Pohlman 
2014). Similar to rainforests, road avoidance and diffi- 
culties in crossing by specialised fauna have been 
observed (Asari et al. 2010), although these problems 
are generally less pronounced in these habitats. 


49.3 Tropical animals are extremely 
vulnerable to hunting and roadkill when 
roads create access into remote areas 


Many tropical animals are vulnerable to roadkill 
(Goosem 1997; Vijayakumar et al. 2001) and hunting 
as well as predation along roads (Lee et al. 2005; 
Laurance et al. 2009). New roads allow easy access for 
people to hunt in rainforest areas that were previously 
impenetrable, resulting in greater mortality and reduced 
abundance of large mammals at distances of 5-10 km 
from the road (Blake et al. 2008; Chapters 55 and 56). 
Roads also facilitate the trade in bush meat and wildlife 
products by allowing rapid transport to markets (Lee 
et al. 2005; Fig. 56.5). Natural predators and predatory 
invaders are also able to use roads as a base for hunting 
and scavenging (Laurance et al. 2009). 

Mortality rates that are artificially elevated through 
roadkill can be serious for rare species, of which many 
occur in rainforests (Fig. 49.2A). For example, in the 
Wet Tropics bioregion in north-east Australia, 13% of 


rainforest vertebrate animal species (106 species) are 
considered rare or threatened under Queensland State 
legislation, even though most of the remaining rain- 
forest is conserved in national parks or as World 
Heritage areas (WTMA 2009). High rates of road mor- 
tality are also a problem for wide-ranging species with 
low reproductive rates that need to cross roads multiple 
times during their normal movements, as these are 
often specialised keystone species. An example is the 
endangered southern cassowary, which is the only dis- 
perser of large-seeded rainforest trees in the Wet 
Tropics of Australia. High road mortality in this species 
also places the viability of many rainforest plant spe- 
cies in danger (Moore 2007). 


49.4 Natural catastrophes and 
environmental conditions associated with 
tropical ecosystems exacerbate road 
impacts 


Tropical environments are particularly vulnerable to 
road impacts because of the extreme rainfall events 
that commonly occur. Providing sufficient culverts to 
carry large amounts of stormwater is extremely diffi- 
cult and expensive. During tropical downpours cul- 
verts often become overloaded or blocked, which 
results in wide-scale flooding upstream of roads 
and impeded flow downstream of roads (Fig. 49.3, 
Chapters 44 and 45 ). This causes death of vegetation 
through inundation upstream and lack of normal flow 
downstream (Laurance et al. 2009). Long bridges 
(e.g. Fig. 45.4) may be the only viable solution to this 
problem. 
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Figure 49.3 Insufficient or undersized culverts result in (A) blockages upstream and flooding over the road causing 
(B) washouts of the road surface, landslides and scouring of downstream habitats. Source: Photograph by and reproduced 


with permission of W.F. Laurance. 


During extremely heavy rainfall events, concen- 
trated stream volumes with increased velocity are 
generated when culverts are undersized, which 
degrades streambed quality downstream of the road 
by scouring, channelizing and simplifying aquatic 
habitats (Iwata et al. 2003, Chapter 44). The erosion 
of road cuttings and embankments during down- 
pours (Fig. 49.3B) can result in landslides (Sidle et al. 
2006) and greater loads of sediment which accumu- 
late downstream, also changing stream habitats 
(Bruijnzeel 2004). Major loads of pollutants and 
nutrients that accumulate on highways during the 
dry season wash into the streams in a sudden pulse 
with the first downpours of the tropical wet season. 
These contaminants can travel long distances (Pratt 
& Lottermoser 2007), polluting streams and estuar- 
ies and adversely affecting the health and persistence 
of flora and fauna. Toxins can biomagnify up the food 
chain, whereas sudden pulses of nutrients can 
deplete oxygen levels in streams and rivers by pro- 
moting rapid algal and plant growth. Both can poten- 
tially lead to widespread death of aquatic biota (e.g. 
fish kills). 

Although roads do not appear to increase the 
impacts of extremely severe tropical cyclones and hur- 
ricanes on forests (Pohlman et al. 2008), increased 
treefall does occur along rainforest edges during 
smaller cyclones and seasonal windstorms (Laurance 


et al. 2009). Tree damage from lesser storms is simi- 
larly elevated along rainforest road edges. 

In savannahs, woodlands and open forests of the 
tropics, the impact of common but severe droughts can 
be exacerbated by the potential for roads to facilitate 
access for humans who ignite catastrophic fires acci- 
dentally or intentionally (Hoffman et al. 2004; Roman- 
Cuesta & Martinez-Vilalta 2006). Alternatively, roads 
acting as firebreaks in these drier tropical habitats can 
alter natural fire regimes, and thereby change the veg- 
etation structure and floristics (Harrington & 
Sanderson 1994; Vigilante et al. 2004). 


49.5 Narrow and unpaved roads with 
continuous canopy cover are preferred over 
the greater impact caused by wide and 
paved roads in tropical rainforest 


In tropical rainforests, edge and barrier effects of roads 
are particularly important in comparison with other 
habitats (Lesson 49.2). These changes become more 
severe as the road becomes wider. More light penetrates 
into the forest floor and temperature and humidity fluc- 
tuate through greater extremes, consequently affecting a 
larger area of forest and greater numbers of species. By 
contrast, maintaining a substantially intact forest can- 
opy above a narrow road limits the amount of light 
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reaching the road surface and forest edge and maintains 
more stable humidity and temperature levels. This will 
reduce the much larger and more extensive alterations to 
vegetation structure and floristics and thus barrier effects 
incurred with a wider road (Laurance et al. 2004, 2009). 

A narrow road with connected rainforest canopy 
extending above it also has several more general advan- 
tages (Goosem 2007). First, weed invasion is almost com- 
pletely prevented (Fig. 49.1B). Second, traffic travels more 
slowly, so disturbance to fauna from noise, vibrations, 
headlights and vehicular movements is less. Unpaved 
roads may be noisier when traversed, but they generally 
carry fewer vehicles than paved roads so that on average, 
disturbance is less. Third, slower speeds allow greater reac- 
tion time for both driver and animal, which may mean 
lower levels of animal mortality. Narrow, unsurfaced 
roads also often carry minimal traffic at night, reducing 
roadkill of nocturnal animals, which are very common in 
the diverse rainforest fauna. Finally, the canopy intercepts 
some of the precipitation in tropical downpours reducing 
road runoff, erosion and stream modifications. 

At the global scale, larger all-weather roads in wet 
tropical environments are often the drivers of large- 
scale clearing of forest for agriculture, ranching, for- 
estry and mining (Chapters 2 and 51). Without large 
all-weather roads to transport products and supplies 
such investments would not be profitable. Narrow, 
unpaved roads are far less likely to support large-scale 
agricultural clearing or year-round resource extrac- 
tion as they often need to be closed during extremely 
wet periods. Larger paved roads are also more likely to 
encourage the illegal colonisation of undisturbed areas 
by people who wish to settle in the new frontier 
(Chapters 2 and 51). However it should be remembered 
that the creation of a small track or road often acts as a 
catalyst for expansion. Although every tropical road 
cannot be retained in a narrow and unpaved state, 
expansion of any such road requires careful considera- 
tion of the actual need, design, ecosystem and cultural 
sensitivity as well as the environmental conditions that 
might exacerbate their impact (Laurance et al. 2014). 


49.6 Tropical roads often are located in 
developing nations aiming to improve their 
economies and standard of living by opening 
frontiers of previously undeveloped lands 


Many recently constructed tropical roads and those 
proposed for construction are concentrated in developing 
countries (Laurance et al. 2009; Clements et al. 2014; 
Chapters 51, 52, 54 and 57). These nations often have 


high population growth rates and are seeking to expand 
their economies and improve their standard of living 
through intense exploitation of natural resources such 
as timber, oil or minerals, or through creation of new 
agricultural industries. Such new frontiers are com- 
mon in the tropics. From the perspective of many econ- 
omists and regional planners the opening up of regions 
for development of natural resources is an advantage. 
By contrast, environmental scientists generally believe 
this to be a serious problem for biodiversity conserva- 
tion (Butler & Laurance 2008, Chapters 2 and 51). 
Impacts on biota and the culture of indigenous and 
minority groups are severe when roads and highways 
open up large areas of previously undeveloped lands. 
The construction of roads provides the impetus for a 
raft of environmental impacts. These range from hunt- 
ing of bush meat along roads (Blake et al. 2008) and ille- 
gal logging, to clearing for small-scale human settlements 
that gradually expand, eventually resulting in huge 
cleared swaths of previously forested land (see 
Chapter 51). Although these latter impacts are far more 
severe and occur more frequently in unprotected forests, 
hunting and clearing are still likely to a lesser extent in 
protected areas (Roman-Cuesta & Martinez-Vilalta 
2006). Roads are also required by wealthy investors and 
corporations currently involved in clearing of enormous 
areas of tropical forests for large-scale industrial agricul- 
ture (e.g. palm oil, corn and soybean plantations) and for 
large cattle ranches (Laurance & Balmford 2013). 
Developing nations that need income to provide for large, 
expanding populations often welcome such investment. 
However, there may be alternatives whereby they could 
retain biodiversity and increase economic benefits of 
current cleared land (Laurance et al. 2014; Chapter 2). 


49.7 Where it is impossible to avoid 
undisturbed regions and sensitive habitats, 
sensitive tropical areas should either be 
protected before road construction or 
access should be restricted 


Avoidance of undisturbed wilderness regions, sensitive 
habitats such as rainforest and wetlands, and areas sub- 
ject to physical constraints (e.g. erosion and landslips) 
will always be the most successful strategy to prevent 
road impacts (Chapter 3). By avoiding remote frontier 
regions, the problems caused by human access to and 
colonisation of such areas are also avoided, as are the 
usually consequent increases in habitat clearing, 
extraction of timber and other plants and hunting of 
animals. Where economic growth is needed, it may be 


possible to improve agricultural efficiency by upgrading 
roads through regions that are already cleared, avoid- 
ing the need to open and clear new areas (Laurance & 
Balmford 2013; Laurance et al. 2014; Chapter 2). 
Although this mitigation strategy applies globally, the 
sensitive nature of tropical habitats and biota and the 
potential for severe natural catastrophes means that it 
is particularly important in the tropics. 

If road access must be created to alleviate poverty 
through resource extraction or improved transport, 
several actions can mitigate against impacts of colo- 
nisation, the spawning of networks of secondary roads 
(Fig. 2.1, Lessons 2.3 and 2.4) and the illegal extrac- 
tion of other resources (Laurance et al. 2009): 

e For a large road or highway, creating a protected 
area around the road prior to construction reduces 
potential colonisation by legal and illegal squatters. 
However, adequate resources must be provided in per- 
petuity to ensure that protected area staff can ade- 
quately combat illegal activities such as poaching, 
timber removal and forest fires. 

e For smaller mining or logging roads, secured gates 
can assist with preventing large-scale ingress of people. 
Contracts with staff that preclude subsistence removal 
of bushmeat and other resources also reduce depletion 
of forest areas adjacent to gated roads. 

* Logging road networks need to be managed to avoid 
subsequent deforestation using careful pre-harvest 
planning to minimise unnecessary roads. Additionally, 
roads should be closed after harvest by destroying 
bridges and rendering long sections of road impassable. 
e Environmental impact assessments (EIAs) must be 
comprehensive and thorough, taking into account 
potential secondary and cumulative impacts (Chapter 5). 
In many developing nations, EIAs for highways focus 
on a narrow strip of land along the proposed road, and 
ignore the potential for forest invasions, secondary 
road expansion and hunting (Chapter 53). Similarly, 
EIAs for mining, hydroelectric dams and oil and gas 
projects often ignore the impacts of the roads required 
to build the projects (see also Lesson 53.5). 


49.8 Mitigation of tropical road impacts 
at the roadway scale can be achieved by 
maintaining canopy connectivity, 
minimising road width and restricting 
logging roads to low-impact areas 


For rainforest roads, retaining connected canopy 
above the road (Fig. 40.1A) will mitigate against 
many road impacts (Goosem 2007; Lesson 40.2), 
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including reducing the severity of edge effects and 
invasion by weeds and feral animals. Connected cano- 
pies provide a crossing route for arboreal animals and 
reduce barrier effects for terrestrial fauna by provid- 
ing cover from aerial predators and moderating the 
microclimate contrast between forest and road clear- 
ing. Road maintenance costs are reduced due to low- 
ered requirement for mowing, spraying or grading of 
roadsides, and less pesticide reaches waterways. 
Maintaining canopy also increases the attractiveness 
of roads to tourists, creating a ‘green tunnel’ effect 
without tall weeds that obscure the view. This strat- 
egy is particularly appropriate for narrow roads with 
low traffic levels. For roads that carry higher traffic 
levels, maintaining continuous canopy above the 
road may not be feasible due to safety concerns or 
road width. However, keeping the road and roadside 
as narrow as possible will minimise edge effects, inva- 
sions and barrier effects for animals. Steep road 
embankments and cuttings will help to minimise 
clearing width, and these can be stabilised using the 
roots of native tree species such as figs which also 
provide a spreading canopy that is not subject to 
safety issues with falling limbs. Understory removal 
below such species can provide safe visibility for driv- 
ers. Gabions can be included for extremely unstable 
embankments but should also be planted with suita- 
ble vegetation (Goosem et al. 2010). 

Restricting logging roads to ridgelines and gentle 
slopes, minimising the number of stream crossings and 
the inclusion of well-designed and sufficient culverts 
or bridges will reduce erosion, landslides and impacts 
to streams as well as barriers to terrestrial and aquatic 
connectivity (Laurance et al. 2009; Chapters 44 and 
45). Additionally, if road construction is prohibited 
during wet seasons/periods, the consequent damage to 
aquatic habitats up- and downstream will be further 
limited. 

Many tropical terrestrial animals will cross under 
roads via culverts, bridges and viaducts (Fig. 49.4; 
Goosem 2008; Clements 2013). Rope canopy bridges 
are used by tropical arboreal species including spe- 
cialised rainforest possums in Australia and primates 
in other tropical countries (Weston et al. 2011; 
Chapters 40 and 41). Suitable existing road culverts 
can be retrofitted at low cost to increase permeability 
for some fauna. Unfortunately, not all species are pre- 
pared to use such structures, which is compounded 
by the difficulty of maintaining effective fences year- 
round (Goosem et al. 2010; Clements 2013; 
Chapter 20). In such areas, reducing and enforcing 
speed limits and including traffic calming will provide 
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Figure 49.4 Open span bridges and viaducts can be an effective approach to restoring connectivity for large tropical rainforest 
animals because of their size and distance from vehicles. This bridge in (A) Perak, Malaysia, is used by generalist rainforest 
species, including (C) Asian elephant and (D) barking deer. The use of viaducts by rainforest specialists which rarely or never use 
them, such as leopard and (B) Malayan tiger (Clements 2013), should be encouraged by planting rainforest trees and shrubs 
adjacent to and under the viaduct while crossing at grade around viaducts can be discouraged by keeping roadsides at each end 
of viaducts cleared of rainforest vegetation. Source: Photograph by and reproduced with permission of Rimba/Reuben 


Clements. 


more time for reaction by both driver and animal to 
avoid collision. 

Existing roads that are no longer needed should be 
closed with culverts and bridges removed and road sur- 
faces rehabilitated (Chapter 3). Alternative routes that 
avoid sensitive areas should be investigated so that 
existing roads proven to create high levels of environ- 
mental damage can be closed. 


CONCLUSIONS 


Roads in the tropics present a unique set of challenges 
from broad landscape scales to the fine scale of an 
individual road. Avoiding sensitive tropical habitats 
is by far the best strategy to reduce impacts. This 


approach will minimise secondary and cumulative 
road impacts at the landscape scale, including forest 
colonisation and clearing, secondary road expansion, 
hunting and illegal extraction of resources. At the 
scale of the individual road, alternative routes that 
avoid sensitive regions may be less expensive than 
dealing with the greater engineering challenges 
resulting from extreme rainfall and vulnerable and 
diverse flora and fauna. 


ACKNOWLEDGEMENTS 


I acknowledge all the colleagues, students and volun- 
teers who have contributed to rainforest road ecology 
research in the tropics over the past 25 years. 


FURTHER READING 


Laurance et al. (2009): An easily understood but comprehen- 
sive review of the impacts of roads in tropical rainforest at 
the scale of landscapes and individual road. It concludes 
with a section describing ways to prevent and mitigate 
these impacts. 

Goosem et al. (2010): A book, freely available online. Part A 
provides an easily interpreted set of principles and guide- 
lines for road agency personnel to implement best practice 
planning, design and management of ecologically sustain- 
able roads within tropical rainforest. Part B summarises 
scientific findings which support the principles and guide- 
lines in Part A and includes a comprehensive list of refer- 
ences and further readings. 

Goosem (2008): This book chapter summarises many of the 
numerous road ecology studies conducted in the Australian 
Wet Tropics, which established the basis for the design of 
successful mitigation strategies. Available from: http:// 
research.jcu.edu.au/portfolio/miriam.goosem1/ 

Laurance and Balmford (2013): Describes impacts of roads 
in undeveloped regions and principles for avoiding those 
impacts whilst maximising financial benefits, and is 
particularly appropriate in developing nations with wilder- 
ness areas. 
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SUMMARY 


Rapid economic growth in several South American countries combined with high species diversity in tropical 
regions has raised great concern among ecologists on the future of wildlife in those areas. One of the con- 
sequences and drivers of economic growth is widespread infrastructure development. The economic and 
social development of most countries in South America is a higher priority than biodiversity conservation, 
especially when compared with transport infrastructure. Over the past decade, several research groups have 
focussed on the impacts of roads on wildlife in South America. 

50.1 The economic development of some countries in South America has strongly influenced the expan- 


sion of road networks. 

50.2 Although there are numerous organisations involved in planning, development and administration 

of highways, only few of them evaluate the impacts on biodiversity. 

50.3 Numerous protected areas in South America are directly and indirectly affected by roads. 

50.4 Road ecology is an emerging discipline in South America, and Brazil and Argentina are leading the field. 
There are enormous challenges to effectively incorporate ecological considerations into the planning, 

design, construction and operation of roads in South America. While much of the current practise has been 

adapted from international experience, the time has come to invest in local experts and improve the quality 

of the scientific knowledge generated from within South America. Government policies must also support 

the development of an ecologically sustainable transportation network. 
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INTRODUCTION 


South America comprises 12 countries across 18.4 
million km’, each with diverse geographic, economic 
and social characteristics. South America is largely a 
developing continent, with its countries ranked 
between the 44th and 117th positions (out of 187 
countries) by the Human Development Index (HDI), a 
statistic that measures life expectancy, education and 
income. The inequality in HDI amongst South 
American countries is reflected in the level of the devel- 
opment of national transportation networks, with 
road densities ranging from 0.015 km/km? in Bolivia 
to 0.049 km/km? in Uruguay, and a railroad density of 
0.00009 km/km? in Paraguay and of 0.014km/km? in 
Argentina (IIRSA 2010). 

South America is physiographically, biologically and 
culturally diverse, including extreme environments, 
such as the permanent snow-covered mountains in the 
high Andes, dry deserts (e.g. the Atacama) and the 
wettest tropical forests (e.g. the Amazon). Biologically, 
South America includes 5 of the 17 countries consid- 
ered megadiverse (Mittermeier et al. 1997). South 
American countries also vary culturally, economically 
and socially and, consequently, exhibit different envi- 
ronmental protection perspectives. The planning and 
construction of infrastructure, including road, rail and 
air transport, is a priority because it contributes to eco- 
nomic development. Measures to protect the environ- 
ment or support sustainable development are often 
neglected and usually inadequate. 


LESSONS 


50.1 The economic development of some 
countries in South America has strongly 
influenced the expansion of road networks 


The development of the road network is heterogeneous 
in South America. Brazil, the largest country and one 
of the most developed in South America, has been 
described as an emerging economy and is currently the 
seventh largest economy in the world. The gross 
domestic product (GDP) in Brazil was worth US$2.3 
trillion in 2012 (4% of the global economy), a value 
similar to the GDP of the United Kingdom. To support 
and drive this economic growth, the Brazilian Federal 
Government has prioritised the construction of high- 
ways and railroads. Between 2007 and 2010, an addi- 
tional 4731 km of highways and 356km of railroads 
was added to the network, and by 2014, approximately 


7000 km of highway and 3000km of railroads will be 
built, duplicated or repaired. In addition to these works, 
the Brazilian Government will allocate US$39 billion 
to highways and railroads over the next 5 years and 
US$26 billion in the following 25 years. This will result 
in 7,500km of new highways and 10,000km of new 
railroads, an increase of nearly 20% of paved roads. To 
achieve this, the Brazilian Government has systemati- 
cally reduced the environmental licensing require- 
ments for the construction of highways and railways, 
preferring to fast-track construction at the cost of ade- 
quate environmental impact assessments (EIA). While 
other countries are also planning to expand their 
transport networks, their growth rate is slower than in 
Brazil. Bager (unpublished data) estimated that over 
400 million vertebrates are killed on Brazilian high- 
ways each year. If the road network increased 20%, 
Brazil will cause the loss of half a billion vertebrates 
annually. 

Another country that is rapidly expanding its road 
network is Colombia; paving and building new roads 
and planning to increase its network of paved roads 
by nearly 8000 km in the next 5 years. Furthermore, 
the government of Venezuela has a National Railway 
Development Plan, aiming to expand the country’s 
railway network to 13,665km of railroads by the 
year 2030, more than a 10-fold increase over its cur- 
rent system. Economic development requires ade- 
quate connections among countries and between 
coasts to ensure efficient regional and intercontinen- 
tal trading. 

In this context, the Initiative for the Integration of 
Regional Infrastructure of South America (IIRSA, a 
joint program of governments of 12 countries) was 
established in 2000 with the goal of promoting the 
sustainable and equitable development of transport, 
energy and telecommunication infrastructure 
through the integration of all South American coun- 
tries. The IIRSA projects are organized around 10 
hubs spread around South America, which were 
established according to their productive economic 
activities and potential for development. In the first 10 
years (2000-2010), 474 integration projects were 
executed, of which 225 were highways (valued at 
US$49.28 billion), and 61 were railroads (US$14.16 
billion) (IRSA 2010). The program is continuing and 
transportation projects remain a priority (see www. 
iirsa.org). 

The approach to highway construction across 
South America is changing, with several govern- 
ments awarding highway concession contracts to 
private companies, with varying consequences for 


biodiversity. Brazilian private companies with conces- 
sions are controlled by regulatory agencies that estab- 
lish more rigid environmental controls than those 
imposed on highways built and managed by the state 
or federal governments. These companies usually 
charge tolls for the use of the highway and in return 
must commit to making infrastructure improvements 
and maintaining the highway for a period of time, 
including environmental requirements. However, this 
is not consistent among all South American coun- 
tries, for example private companies in Argentina 
have lower environmental standards than that of gov- 
ernment road agencies. 


50.2 Although there are numerous 
organisations involved in planning, 
development and administration of 
highways, only few of them evaluate the 
impacts on biodiversity 


Poor quality EIA are a serious problem in South America 
(see also Chapters 5, 51, 53, 54 and 56). Minimal 
controls during the road planning and construction 
phase and poor quality environmental monitoring pro- 
grammes produce inefficient mitigation measures. The 
only organisation that exclusively addresses ecological 
impacts of roads in South America is the Brazilian Center 
for Road Ecology Research (CBEE) (http://cbee.ufla.br). 
CBEE was established in 2011 and is affiliated with the 
Federal University of Lavras. Its main goal is to under- 
take research, train specialists, develop technology 
related to the mitigation of road effects, and contribute 


Road ecology in South America 409 


to the development of public policies. Currently, the 
CBEE produces a monthly newsletter and organises the 
biannual Road Ecology Brazil Congress, which started 
in 2010 with more than 200 participants. Because 
most road ecology studies being conducted in Brazil 
include monitoring wildlife road-kills (either by high- 
way concessionaires or researchers), a primary task 
of the CBEE is to develop a standardised national 
protocol to collect road-kill data and a unified database 
(Textbox 50.1). 

In addition to the CBEE, there are a range of other 
research groups in South America working on road 
ecology. In 2008, INTERBIODES, an Argentine 
research group was formed; associated with the 
National Council for Scientific Investigation and the 
National University of San Juan. This group con- 
ducts research and also advises the Federal Highway 
Administration on road ecology issues. Additionally, 
in the province of Misiones, an NGO (Conservation 
Argentina) and the highway planning body have a 
research group collaborating on road planning. 
Currently in Brazil, there are at least four research 
groups focussed on road ecology and many others 
that informally study the topic. These groups col- 
laborate with research and other activities that con- 
tribute to the growth of the road ecology discipline 
in the country. Although we are not aware of the 
existence of formal research groups in Ecuador, 
some studies have been undertaken on different 
groups of fauna (Tanner & Perry 2007; Gottdenker 
et al. 2008; Carpio et al. 2009) and road ecology 
topics (Byg et al. 2007; Suarez et al. 2009; Suarez 
et al. 2012). 


Textbox 50.1 Brazilian National Wildlife Roadkill Database. 


The CBEE, together with the federal Brazilian Institute 
for Biodiversity Conservation (Instituto Chico Mendes 
de Conservação da Biodiversidade), are developing a 
wildlife roadkill database that will compile data from a 
wide array of sources, such as scientific research pro- 
jects, drivers, and surveys conducted during the 
planning of highways and railroads http://cbee.ufla.br/ 
portal/sistema_urubu/. This database will integrate 
roadkill data with a web-based geographical platform, 
modules of data analysis and reports. Mobile phone 
applications (Fig. 50.1) have been developed to collect 
WVC data in the field, including for the general public 
to record opportunistic sightings; and scientists, with 
capacity for systematic sampling, control of the moni- 
tored distance and images of the highway and 


surrounding landscape (http://goo.gl/zy9VCF and 
http://goo.gl/x2h6Sx ). The database will be connected 
to the Brazilian Biodiversity Information System (SIB- 
Bn), thereby allowing the use of the data in the develop- 
ment of state and federal public policies, both for 
biodiversity protection and the planning of highways 
and railroads. This database is linked to the develop- 
ment of the standardized national protocol to collect 
roadkill data (Lesson 50.2). We believe that if a collec- 
tion tool is available to store and analyse data, various 
research bodies and institutions will adopt it as their 
protocol, and Brazil will have spatially and temporally 
comparable data from every region of the country. This 
system can also be adapted for other regions in South 
America. 
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Figure 50.1 The welcome page of the Urubu System to collect and analyse wildlife road-kill data in Brazil. 


Source: Alex Bager. 


50.3 Numerous protected areas in South 
America are directly and indirectly affected 
by roads 


More than half (62%) of the federally protected con- 
servation areas in Brazil are intersected by highways 
and 72% are indirectly affected by highways, account- 
ing for 5.6% of the total park area (Botelho et al. 2012). 
Many of the most affected areas are in the Atlantic 
Rainforest (Mata Atlântica) biome, which is close to the 
coastal region and the major urban centers. No similar 
studies for other South American countries have been 
published. 

In Brazil, the managers of 300 state and federal con- 
servation reserves were interviewed and most identi- 
fied conflicts between roads and wildlife as a significant 
issue in their reserve (A. Bager, unpublished data). The 
managers also reported that 10% of the protected 
areas contained roads constructed within the previous 
5 years, and 25% will have new roads within the next 
5 years. Sixty percent of the protected areas had public 
roads, including major highways, running through 
them. Managers of 74 % of the protected areas 
reported wildlife-vehicle collisions (WVC) in their 
parks, with 41% reporting occasional collisions, 36% 
constant but at a low frequency, 14% constant and 


daily and 1% had high roadkill rates; 8% didn’t quan- 
tify the rate of WVC. This study also demonstrated that 
mortality from WVC was a significant cause of mortal- 
ity in the protected areas for 23 of the 29 species of 
medium and large mammals that are officially threat- 
ened with extinction in Brazil. Park managers identi- 
fied native feline, canine and arboreal species as most 
affected. 

Recent surveys within 11 conservation reserves of 
Argentina found 12 species under threat (including 
the jaguar and the Andean condor), which are directly 
impacted by WVC (C. Borghi, unpublished data; 
Speziale et al. 2008; Chapter 36). 


50.4 Road ecology is an emerging 
discipline in South America, and Brazil and 
Argentina are leading the field 


Despite the rapid growth of road ecology in Brazil 
since 2004, most studies have focused on rates of 
roadkill (e.g. Bager et al. 2007; Dornas et al. 2012) 
(Figs 50.2 and 50.3) and were published in regional 
portuguese language journals (e.g. Cherem et al. 
2007; Kunz & Ghizoni Jr. 2009; Zaleski et al. 2009). 
However, sampling effort was usually not documented 
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Figure 50.2 Capybara, the largest rodent in the world (weighing up to 50-60 kg), are common in most countries in South 
America and suffer high rates of mortality from WVC, especially where roads cross wetlands. Source: Photograph by Alex Bager. 


Figure 50.3 Secondary mortality, where scavengers feeding on carcasses become roadkill themselves, is a major problem for 
raptors in South America as the rate of WVC continues to increase. Source: Photograph by Alex Bager. 


in these studies, making it difficult to evaluate the 
effect of mortality on population persistence. There 
was a significant increase in publications in interna- 
tional journals after 2010 (e.g. Bager & Rosa 2010, 
2011; Caceres 2011; Hartmann et al. 2011; Oliveira 
Jr. et al. 2011; Coelho et al. 2012; Freitas et al. 2012; 
Rosa & Bager 2012; Bager & Fontoura 2013; Teixeira 
et al. 2013; D’Anunciagao; Ratton et al. 2014; Secco 
et al. 2014). In 2012, the first book on the road ecology 


of South America (Bager 2012) was published, which 
addresses political and methodological topics. From 
this perspective, it was possible to identify major knowl- 
edge gaps in road ecology after the analysis of 41 arti- 
cles published by Brazilian researchers (Table 50.1). 

In 2008, Argentina was the first country in South 
America to install overpasses for wildlife, near Iguacu 
National Park in the northern part of the country. In 
Brazil, wildlife underpasses and fences are routinely 
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Table 50.1 Summary of Brazilian studies in road ecology. 


Knowledge level 


Road ecology topic 


Number of publications 


No information, anecdotal at best 


Incipient level 


Low level 


Medium level 


Physical disturbance 
Chemical pollution 

Exotic species invasions 
Barrier effects 

Edge effects 

Human invasions 
Fragmentation 

Spatial planning and mitigation 
Wildlife roadkill 


NaWWN|"OCO 


NX 


used to mitigate the fragmentation caused by roads, 
although no rigorous monitoring programs have 
assessed effectiveness. The inclusion of fencing and 
underpasses in the design of new roads is positive; 
however, the use of standard-size underpasses for 
drainage (both culverts and bridges) and calling them 
wildlife crossing structures appears to be a justification 
to approve all new road projects. More detailed evalua- 
tion of effectiveness is required to ensure that new 
roads do not further endanger wildlife and ensure that 
damaging roads avoid high quality conservation areas. 


CONCLUSIONS 


To advance the study of road ecology in South America, 
we need stronger government legislation, expanded road 
ecology research programmes to increase the number 
and quality of investigative studies, and the creation of 
new course curriculums and training opportunities at 
the academic and technical levels. Our main challenge 
is to integrate these sectors and normalise the mitiga- 
tion hierarchy: avoid impacts first, minimise second, 
mitigate third and compensate or offset any remaining 
impacts. The road and rail network across South 
America is rapidly expanding and there is an urgent 
need to better understand their effects on biodiversity to 
guide the growth of the transport sector. 
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Laurance et al. (2009): This article summarizes all types of 
negative effects caused by roads in tropical areas. 


REFERENCES 


Bager, A. 2011. Anais do Road Ecology Brazil 2011. 
Conference. Lavras, MG, Brasil, 247 p. 

Bager, A. 2012. Ecologia de estradas: Tendéncias e perspecti- 
vas. UFLA, Lavras. 

Bager, A. and C. A. Rosa. 2010. Priority ranking of road sites 
for mitigating wildlife roadkill. Biota Neotropica 10: 
149-143. 

Bager, A. and C. A. Rosa. 2011. Influence of sampling effort 
on the estimated richness of road-killed vertebrate wildlife. 
Environmental Management 47:851-858. 

Bager, A., S. R. N. Piedras, T. S. M. Pereira and Q. Hobus. 2007. 
Fauna selvagem e atropelamento — diagnóstico do conheci- 
mento científico brasileiro. Pages 49-62, in A. Bager, editor. 
Areas Protegidas: Repensando as escalas de atuação. 
Armazém Digital, Porto Alegre. 

Bager, A. and V. Fontoura. 2013. Evaluation of the effective- 
ness of a wildlife roadkill mitigation system in wetland habitat. 
Ecological Engineering 53:31-38. 

Botelho, R. G. M., J. C. L. Morelli, C. Bueno and A. Bager. 2012. 
O impacto das rodovias em unidades de conservação no 
Brasil. Page 232, in D. Boscolo, editor. Anais do II Congresso 
Brasileiro de Ecologia de Paisagens e II Simpósio SCGIS-BR, 
Salvador, Bahia. 

Byg, A., J. Vormisto and H. Balsley. 2007. Influence of diversity 
and road access on palm extraction at landscape scale in SE 
Ecuador. Biodiversity and Conservation 16:631-642. 


Caceres, N. C. 2011. Biological characteristics influence 
mammal road kill in an Atlantic Forest-Cerrado interface 
in south-western Brazil. Italian Journal of Zoology 
78:379-389. 

Carpio, C., D. A. Donoso and G. Ramon. 2009. Short term 
response of dung beetle communities to disturbance by 
road construction in the Ecuadorian Amazon. Annales de 
la Société Entomologique de France 45:455-469. 

Cherem, J. J., M. Kammers, I. R. Guizoni Jr. and A. Martins. 
2007. Mamiferos de médio e grande porte atropelados em 
rodovias do Estado de Santa Catarina, sul do Brasil. 
Biotemas 20:81-96. 

Coelho, I. P., F. Z. Teixeira, P. Colombo, A. V. P. Coelho and A. 
Kindel. 2012. Anuran road-kills neighboring a peri-urban 
reserve in the Atlantic Forest, Brazil. Journal of 
Environmental Management 112:17-26. 

D’Anunciagao, P. E. R., P. S. Lucas, V. X. Silva and A. Bager. 
2013. Road Ecology and Neotropical amphibians: contri- 
butions for future studies. Acta Herpetologica 8:129-140. 

Dornas, R., A. Kindel, S. R. Freitas and A. Bager. 2012. 
Avaliação da mortalidade de vertebrados em rodovias no 
Brasil. Pages 139-152, in A. Bager, editor. Ecologia de 
estradas: Tendéncias e perspectivas. UFLA, Lavras. 

Freitas, S. R., M. M. Alexandrino, R. Pardini and J. P. Metzger. 
2012. A model of road effect using line integrals and a test 
of the performance of two new road indices using the distri- 
bution of small mammals in an Atlantic Forest landscape. 
Ecological Modelling 247:64-70. 

Gottdenker, N. L., T. Walsh, G. Jimenez-Uzcategui, F. 
Betancourt, M. Cruz, C. Soos, E. R. Miller and P. G. Parker. 
2008. Causes of mortality of wild birds submitted to the 
Charles Darwin Research Station, Santa Cruz, Galapagos, 
Ecuador from 2002-2004. Journal of Wildlife Diseases 
44:1024-1031. 

Hartmann, P. A., M. T. Hartmann and M. Martins. 2011. 
Snake road mortality in a protected area in the Atlantic 
forest of Southeastern Brazil. South American Journal 
Herpetology 6: 35-42. 

INICIATIVA PARA LAINTEGRACION DE LA INFRAE- 
STRUCTURA REGIONAL SURAMERICANA (IIRSA). 2010. 
Capítulo II — Infraestructura Vial. Pages 1-38, in 
Facilitación del Transporte en los Pasos de Frontera de 
Sudamérica. HRSA, Montevideo. 

Kunz, T. S. and I. R. Ghizoni Jr.. 2009. Serpentes encontradas 
mortas em rodovias do Estado de Santa Catarina, Brasil. 
Biotemas 22: 91-103. 


Road ecology in South America 413 


Laurance, W. F, Goosem, M. and Laurance, S. G. W. 2009. 
Impacts of roads and linear clearings on tropical forests. 
Trends in Ecology and Evolution 24: 659-669. 

Mittermeier, R. A., Robles Gil, P. and Mittermeier, C. G. 1997. 
Megadiversity: earth’s biologically wealthiest nations. 
CEMEX, Conservation International, Agrupación Sierra 
Madre, Cidade do México. 

Oliveira Jr., P. R. R., C. C. Alberts and M. R. Francisco. 2011. 
Impacts of road clearings on the movements of three 
understory insectivorous bird species in the Brazilian 
Atlantic Forest. Biotropica 43: 628-632. 

Ratton, P., H. Secco and C. A. Rosa. 2014. Carcass perma- 
nency time and its implications to the roadkill data. 
European Journal of Wildlife Research. DOI 10.1007/ 
s10344-014-0798-z. 

Rosa, C. A. and A. Bager. 2012. Seasonality and habitat types 
affect roadkill of neotropical birds. Journal of Environmental 
Management 97: 1-5. 

Secco, H., P. Ratton, E. Castro, P. S. Lucas and A. Bager. 2014. 
Intentional snake road-kill: a case study using fake snakes on 
a Brazilian road. Tropical Conservation Science 7:561—-571. 

Speziale, K. L., S. A. Lambertucci and O. Olsson. 2008. 
Disturbance from roads negatively affects Andean condor 
habitat use. Biological Conservation 141: 1765-1772. 

Suarez, E., M. Morales, R. Cueva, V. Utreras Bucheli, G. 
Zapata-Rios, E. Toral, J. Torres, W. Prado and J. Vargas 
Olalla. 2009. Oil industry, wild meat trade and roads: 
indirect effects of oil extraction activities in a protected area 
in north-eastern Ecuador. Animal Conservation 12: 
364-373. 

Suarez, E., G. Zapata-Rios, V. Utreras, S. Strindberg and J. 
Vargas. 2012. Controlling access to oil roads protects forest 
cover, but not wildlife communities: a case study from the 
rainforest of Yasuni Biosphere Reserve (Ecuador). Animal 
Conservation 16: 265-274 

Tanner, D. and J. Perry. 2007. Road effects on abundance and 
fitness of Galapagos lava lizards (Microlophus albemarlensis). 
Journal of Environmental Management 85: 270-278. 

Teixeira, F. Z., A. V. P. Coelho, I. B. Esperandio and A. Kindel. 
2013. Vertebrate road mortality estimates: effects of sam- 
pling methods and carcass removal. Biological Conservation 
157: 317-323. 

Zaleski, T., D. Rocha, S. A. Filipaki and E. L. A. Monteiro-Filho. 
2009. Atropelamentos de mamiferos silvestres na regiao do 
municipio de Telémaco Borba, Parana, Brasil. Natureza e 
Conservação 7: 81-94. 


Chapter 51 


HIGHWAY 
CONSTRUCTION 

AS A FORCE IN THE 
DESTRUCTION OF THE 
AMAZON FOREST 


Philip M. Fearnside 


Department of Ecology, National Institute for Research in the Amazon (INPA), 
Manaus, Brazil 


SUMMARY 


Roads act as drivers of deforestation by drawing migrant workers and investment to previously inaccessible 

areas of forest. In Amazonia, deforestation is stimulated not only by roads that increase profitability of agri- 

culture and ranching, but also by the effect of roads on land speculation and clearing for establishing and 

defending land tenure. Major highways are accompanied by networks of side roads built by loggers, miners 

and others. Deforestation spreads outwards from highways and their associated access roads. Highways also 

provide avenues for migration of landless farmers and others, thereby driving deforestation into adjacent areas. 

51.1 Roads are important forces influencing the rate of deforestation in Amazonia. 

51.2 Major roads stimulate deforestation by facilitating the construction of smaller side roads and 

human settlements in remote areas. 

51.3 The alleged benefits of roads to the Amazon forest are illusory. 

51.4 Roads must be included in deforestation models. 

51.5 No amount of mitigation will prevent deforestation from occurring after a road is built. 

51.6 Deforestation in Brazil is unregulated and future road projects will accelerate clearing. 

51.7 ‘Governance scenarios’ serve to justify approval of damaging roads. 

51.8 Environmental safeguards are needed for approval of international financing of road development. 
The consequences of the pattern of development associated with previously constructed Amazonian high- 

ways need to be recognised and lessons learned quickly, as plans for additional highways are rapidly moving 

forwards that would provide deforesters with access to much of the remaining area of Amazonian forest. 
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INTRODUCTION 


The Amazon forest is by far the largest area of tropical 
rainforest in the world. About two thirds of the forest 
is in Brazil, the remainder being divided between 
Bolivia, Peru, Ecuador and Colombia. The Brazilian 
portion of the forest originally covered an area roughly 
the size of Western Europe. By 1995, an area the size 
of France had been cleared, and by 2012, areas equiv- 
alent to Portugal, Belgium and the Netherlands had 
been added to this. Approximately 80% of Brazil’s por- 
tion of the Amazon forest remains, although logging 
and fire have disturbed a significant part of this. The 
size of the remaining forest is misleading; its vastness 
creates the illusion that there are no limits. However, 
the process of deforestation is cumulative and can rap- 
idly advance through immense areas. The remaining 
blocks of relatively undisturbed forest owe their cur- 
rent state of preservation mainly to lack of access, 
especially the lack of roads. The Amazon forest pro- 
vides environmental services such as conserving bio- 
diversity, water cycling that provides rainfall to central 
and southern Brazil and to neighbouring countries 
and maintaining carbon stocks in biomass and soil 
that avoid greenhouse gas emissions. These services 
are lost when forests are cleared. Decisions on road 
construction and improvement have consequences for 
deforestation that last for decades and extend far 
beyond the roads themselves. Understanding the con- 
sequences of these decisions and the process of defor- 
estation is essential to better decision-making about 
roads in the Amazon Basin and in many other tropical 
forest areas. 


LESSONS 


51.1 Roads are important forces 
influencing the rate of deforestation 
in Amazonia 


The presence and quality of roads have been shown 
to be major factors in predicting deforestation 
throughout the Amazon Basin, including Brazil (e.g. 
Nepstad et al. 2001; Laurance et al. 2002; Soares- 
Filho et al. 2006; Pfaff et al. 2007), Bolivia 
(Kaimowitz 1997), Peru (Imbernon 1999) and 
Ecuador (Southgate et al. 1991; Mena et al. 2006). 
Understanding why roads lead to more deforestation 
is essential information both for designing ways to 
control clearing and for better decision-making 
about road construction. 


Roads play multiple roles in faci litating deforesta- 
tion. Roads improve the profitability of ranching and 
agriculture, thereby attracting investment in clearing. 
Roads also improve access to timber, unleashing a 
chain of events that spreads deforestation by providing 
money for clearing and facilitating entry of migrant 
workers along logging tracks. These clandestine roads, 
built primarily for logging, amount to tens of thou- 
sands of kilometres. Roads in forest areas attract 
migrants, forming part of a positive feedback loop jus- 
tifying still more roads (Fearnside 1987a). Roads also 
provoke population turnover, replacing small individ- 
ual farms with more capitalised landholders who defor- 
est more. Roads increase land values in the areas near 
them, which in turn increases speculation and defor- 
estation in order to establish and maintain land tenure 
(Fearnside 198 7a). These effects evolve over time, with 
the ultimate result of a largely deforested landscape, 
usually dominated by cattle pasture in medium- or 
larger-sized properties. 

The effect of roads is embedded in the social con- 
text of the country in which they are built. In the 
case of Brazilian Amazonia, they open frontiers to 
squatters (Fearnside 2001). The time when land 
tenure was established by squatting has faded from 
human memory in most areas of the world, but it is 
still common practice in Brazilian Amazonia 
(Fig. 51.1). In other tropical regions, such as 
Southeast Asia and Africa, this is an uncommon 
expectation. However, public land in Brazil is often 
illegally seized by individual squatters, organised 
groups of landless people and wealthy grileiros 
(landgrabbers who obtain land titles through 
various forms of fraud) (Fig. 51.2) (Fearnside 
2008). A 2009 Brazilian law allowing illegal 
claims of up to 1500 ha to be legalised represents a 
setback in a transition to a land tenure system 
based on the expectation that illegal invasions will 
not be rewarded. 


51.2 Major roads stimulate deforestation 
by facilitating the construction of smaller 
side roads and human settlements in 
remote areas 


Major roads stimulate the construction of side roads 
that provide access to land far from the main high- 
way route. An important example is the planned 
reconstruction of the BR-319 (Manaus—Porto Velho) 
Highway (Fig. 51.3; Textbox 51.1). Side roads would 
open the large block of intact forest in the western 
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Figure 51.1 Squatters near the BR-319 (Manaus-—Porto Velho) Highway. Squatters, including organised landless farmers 
(sem terras), are one of several groups of actors that deforest when roads are built. Source: Photograph by 
P. Fearnside. 


Figure 51.2 Cattle pasture in large and medium properties is the dominant land use in deforested areas. Here, grileiros 
(illegal landgrabbers) have established large ranches in the municipality of Labrea (in the state of Amazonas) 

in an area with access by a privately constructed side road connected to the BR-364 Highway in Rondônia. 

Source: Photograph by P. Fearnside. 
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Figure 51.3 Map of Brazil showing major existing and planned highways in the nine states of the Legal Amazon region: 
Amazonas, Roraima, Pará, Amapá, Maranhão (western half), Tocantins, Mato Grosso, Rondônia and Acre. Source: Map by 


P. Fearnside. 


part of the state of Amazonas that includes vast 
areas of public land — the category most vulnerable 
to invasion by grileiros and squatters (Fearnside & 
Graça 2006). 

Highways also impact the forest by promoting 
migration of people. The proposed reconstruction 
of the BR-319 Highway would link Rondénia with 
areas in central and northern Amazonia that 
already have road access from Manaus. Rondônia is 
in the ‘arc of deforestation’: the crescent-shaped 
strip along the southern and eastern edges of the 
Amazon forest where approximately 80% of past 
deforestation is concentrated. Migration of people 
to Roraima along the BR-319 and BR-174 Highways 
is expected to stimulate rapid deforestation of new 
areas to the north and recolonisation of the largely 
abandoned agriculture and ranching district of the 
Manaus Free Trade Zone in the state of Amazonas 
(Fig. 51.3). 


51.3 The alleged benefits of roads to 
the Amazon forest are illusory 


Roads allegedly have positive effects on Amazonian 
forests, although these have often been contested. One 
claim is that roads bring governance, providing access 
for inspection and management by environmental 
authorities which prevents illegal deforestation (e.g. 
Nepstad et al. 2002a, b; Camara et al. 2005; but see: 
Laurance & Fearnside 2002; Laurance et al. 2005). 
A persistent idea is that economic development, to 
which roads contribute, leads to a forest transition 
where the area of forest increases after an initial phase 
of deforestation. Unfortunately, in parts of the world 
where this has occurred, it has been largely based on 
planting non-native tree farms (such as eucalypts), as 
opposed to maintaining original forest. This is part of 
the theory in which increased wealth eventually leads 
to an improved environment through a shift in the 
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Textbox 51.1 BR-319: Brazil’s highway to destruction. 


During Brazil’s military dictatorship (1964-1985), 
decisions to build highways in Amazonia were made 
by a small group of generals who used the army to 
build roads. No economic viability study was neces- 
sary, much less an environmental impact assessment 
(EIA). The army built the BR-319 Highway in 1972- 
1973 linking Manaus with Porto Velho, in the state of 
Rondônia. The amount of traffic along the route was 
small, since freight could reach Manaus more cheaply 
by ship than by road. Because the expense of main- 
taining the road in a high-rainfall region was unjusti- 
fied economically, the road deteriorated and was 
abandoned by the highway department in 1988. Since 
then, the bridges have been minimally maintained by 
the telecommunications department, but the road is 
impassable to normal vehicles and serves as an effec- 
tive barrier preventing migration of people to the cen- 
tral Amazon (Fig. 51.4). This may soon change, as 
reconstructing the road continues to be featured in 
the Federal Government’s development plans. 
Together with existing and planned roads connected 
to this highway, the BR-319 would provide deforest- 
ers with access to approximately half of what remains 
of Brazil’s Amazon forest. The tremendous potential 
impacts of the road and the multiple deficiencies in 


the environmental licensing and decision-making pro- 
cess provide ample lessons for those who are willing 
to listen (Fearnside & Graça 2006). 

Unlike other reconstruction projects, an economic 
viability study was not conducted for this reconstruc- 
tion project. The rationale for this exception was that 
reopening the BR-319 was a matter of ‘national secu- 
rity’. Yet a road far from any of Brazil’s international 
borders is not among the items listed as priorities by 
Brazil’s military. Were a viability study done, the result 
would be unfavourable because transporting freight to 
Sao Paulo from the Manaus Free Trade Zone would be 
significantly cheaper by ship (Teixeira 2007). The 
renewed interest in rebuilding the BR-319 appears to 
be primarily its value for electoral politics in Manaus. 

The EIA for the project fails to compare the pro- 
posed road with the alternative options for transport- 
ing freight to São Paulo and confines itself to 
comparing transport modes between Manaus and 
Porto Velho (UFAM 2009). Porto Velho is not the desti- 
nation of the freight, but rather a stopping place on the 
way to Sao Paulo. The EIA even admits that industry in 
Manaus does not consider the highway to be a prior- 
ity. Furthermore, the EIA does not consider the high- 
way’s major impacts, namely, increased deforestation 


Figure 51.4 The BR-319 (Manaus—Porto Velho) Highway was abandoned in 1988 and is a barrier to human 
migration. Its planned reconstruction would connect central and northern Amazonia with the ‘arc of deforestation’ 
where clearing has been concentrated along the southern and eastern edges of the Amazon forest (see Fig. 51.3). 


Source: Photograph by P. Fearnside. 
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and migration of people. Instead, it presents a sce- chaos of the Amazonian frontier is a completely differ- 
nario of ‘strong environmental governance’ and offers ent setting from Yellowstone National Park. It would 
Yellowstone National Park, United States, as an exam- be hard to exaggerate the unreality of the expectation 


ple (Fig. 51.5). Yellowstone includes a network of that those who gain access to the forest by means of 
roads yet no deforestation occurs. Unfortunately, the the new road would behave like visitors to Yellowstone. 
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Figure 51.5 The EIA for the BR-319 Highway presents this map of Yellowstone National Park illustrating the presence 
of roads without the threat of deforestation (UFAM 2009). The National Department of Transport Infrastructure (DNIT) 
logo in the corner of the map represents the road-building branch of Brazil's Ministry of Transportation. Unrealistic 
governance scenarios incite approval of highway projects despite major impacts in the real world. Source: UEAM 2009. 
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equilibrium between destruction and restoration 
(known as the environmental Kuznets curve). Despite 
being generally discredited, this theory is a major 
influence on Brazilian planning, especially with regard 
to Amazonia (Hecht 2011). 

Another supposed benefit of roads is that they 
act as ‘magnets’ that attract deforestation out of the 
interior and focus it in areas along roads (Aguiar 
2006; Camara 2007; contested by Fearnside et al. 
2009). Unfortunately, roads stimulate clearing at 
the roadside as well as further away. The claim that 
roads attract deforestation to the roadside and 
thereby protect more distant areas was based on a 
simulation for the BR-319 Highway (Aguiar 2006) 
where the size of the area to be deforested each year 
was fixed externally by the modeller, with only the 
location of clearings being subject to influence by the 
road (see Fearnside et al. 2009). In reality, deforesta- 
tion would increase both near the road and in the 
other locations. A similar limitation prevents such 
demand-driven models from reflecting the effect that 
protected areas have on reducing the amount of 
deforestation. 


51.4 Roads must be included in 
deforestation models 


Models for predicting future deforestation are needed 
for various purposes, including decisions on the wis- 
dom of constructing proposed roads. Another need for 
modelling deforestation is for use in Reducing Emissions 
from Deforestation and Forest Degradation (REDD) 
projects for mitigation of climate change through for- 
est protection. In order to quantify the amount of 
deforestation avoided, for example, by creating a 
reserve, one must compare the deforestation that 
occurs after the reserve is created (i.e. what takes place 
in reality) with what would have happened if the 
reserve had not been created (i.e. a hypothetical base- 
line scenario). The effect of roads is critical in these 
models, and serious distortions can occur if the effect is 
not correctly represented, together with the related 
effect of deforestation being more likely adjacent to 
already-existing clearings. 

The Juma Sustainable Development Reserve in the 
state of Amazonas is the first such project in Brazil 
and provides an example of how choices in modelling 
of road effects can cause greatly distorted deforesta- 
tion predictions and calculated carbon benefits. Roads 
are a key factor in the baseline scenario, based on 
Soares-Filho et al. (2006), which indicates 80.7% of 


the reserve being deforested by 2050 in the absence of 
the project. The simulation calculated the total 
amount of deforestation each year for the subregion 
that includes the Juma Reserve by multiplying a pro- 
portion times the area of forest remaining in the sub- 
region, which covers all of the state of Amazonas and 
parts of Mato Grosso and Para. The calculated area to 
be cleared is therefore considerable even with a low 
proportion being cleared each year. The location 
where this clearing occurs is determined based on 
weights of evidence, which direct the clearing to the 
corner of the subregion where roads and previous 
clearings exist, namely, in the area that includes the 
Juma Reserve. When simulated using clearing rates 
based on local deforestation behaviour, clearing in the 
reserve by 2050 (18.9%) is over four times lower 
(Yanai et al. 2012). This shows that realistic model- 
ling of deforestation requires that the calculation of 
the amount of deforestation (in which roads play a 
key role) and the location of deforestation (also closely 
tied to roads) must be referring to the same geograph- 
ical location. 


51.5 No amount of mitigation will 
prevent deforestation from occurring 
after a road is built 


The decision to build a major road in Brazil is deter- 
mined by the government, whereas much of what 
occurs after the road is built escapes government 
control as squatters and others move into the newly 
accessible areas. The key issue is the decision to 
build or not to build a road and determine its loca- 
tion — not the details of mitigation to help lower the 
road’s impact. The initial decision on whether to 
build a road must be based on complete and unbi- 
ased information regarding both the impacts and 
benefits of the road and of other options for meeting 
transportation needs. Unfortunately, this is rarely 
the way these decisions are made in Brazil and in 
many other countries. Instead, the decision is made 
by a handful of people based on political considera- 
tions, and information on impacts is only sought 
later as a bureaucratic requirement of the licensing 
process. Comparison with other options is likewise 
an afterthought and can be done in such a way as to 
ignore the main options (see BR-319 example in 
Textbox 51.1). The decision-making process in 
Brazil (as in many other countries), including the 
EIA system, is in obvious need of reform (Fearnside 
2012; Chapters 5 and 53). 
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51.6 Deforestation in Brazil is unregulated 
and future road projects will accelerate 
clearing 


One of the barriers to instilling greater caution in road- 
building decisions is the belief that deforestation is 
under control and a thing of the past. This has become 
commonplace as a result of misinterpretation of the 
declining rate of deforestation in Brazil over 2004- 
2012 (e.g. Fearnside 2009), although planning offi- 
cials made such claims before any decline in 
deforestation occurred (e.g. Silveira 2001; contested by 
Laurance et al. 2001). The belief that deforestation is 
under control is pervasive throughout Brazilian plan- 
ning circles and affects the current Plan for the 
Acceleration of Growth (PAC-2). However, from 2004 
to 2008, when most of the decline in the rate of defor- 
estation took place, the main explanations were 
decreases in international prices of soy and beef and a 
worsening exchange rate between the Brazilian Real 
and other currencies for exporters (Assuncao et al. 
2012). Only from 2009 onwards did deforestation 
actually follow a trend that would best be explained by 
governance, not economic instability. Whether 
increases in governance mean that Amazonia can be 
criss-crossed by new highways without increasing 
deforestation is open to question. 


51.7 ‘Governance scenarios’ serve to 
justify approval of damaging roads 


Planning of new highways is often done on the 
strength of ‘governance scenarios’ that portray a 
future with highways that bring benefits but minimal 
impacts. For example, the effect of the proposed 
reconstruction of the BR-163 (Cuiaba—Santarém) 
Highway was simulated, with a governance scenario 
indicating much less deforestation than a ‘business- 
as-usual’ scenario (Soares-Filho et al. 2004). The 
decision-maker is presented with choices as if he or 
she were in an all-you-can-eat buffet restaurant 
where one is free to choose anything with essentially 
no consequences. Any planner will choose the gov- 
ernance scenario over one indicating environmental 
destruction. However, the governance scenario 
implies tremendous change in government action and 
in individual behaviour, which is unrealistic. Consider 
the BR-163, a road intended to transport soybeans 
from Mato Grosso to a port on the Amazon River, in 
which the crash in global soy prices from 2003 led to 
successive postponements of the project (but the road 
is now expected to be completed in 2015) (Fig. 51.6). 
Even without the reconstructed highway, deforesta- 
tion in the area has exceeded even that projected in 
the business-as-usual scenario, and much of the 


Figure 51.6 The BR-163 (Santarém—Cuiaba) Highway was built in 1973 and is now planned for reconstruction — essentially 
the building of a new highway on the route of the old one. In its present condition, it is inadequate for transporting soybeans 
from Mato Grosso to an Amazon River port in Santarém. Source: Photograph by and reproduced with permission from M. 


Torres. 
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forest expected to be saved in the governance scenario 
is already gone (Fearnside 2007). The BR-319 
Highway offers another example of a completely 
unrealistic governance scenario being used to justify 
approval of the project, in this case using Yellowstone 
National Park in the United States as a representation 
of the government control proposed for the area 
(Textbox 51.1). 


51.8 Environmental safeguards are 
needed for approval of international 
financing of road development 


Road development in Amazonia has often been 
funded and influenced by international entities. 
Funding from multilateral development banks for 
reconstruction of the BR-364 Highway that opened 
up Rondônia and Acre to migration and deforesta- 
tion is the classic example (Fearnside 1986, 1987b). 
The creation of the World Bank’s Environment 
Department in March 1987, together with a system 
of EIA within the Bank, was a direct reaction to the 
dramatic surge of rainforest destruction in Rondônia 
as a result of the highway. The announcement 
of the Environment Department occurred less than 
48 hours after an exposé of the highway project 
aired on the 60 Minutes television programme in 
the United States. 

Brazil is a major source of financing and construc- 
tion resources for road projects in Peru, Bolivia, 
Ecuador and Guyana, including the Transoceanic 
Highway in Peru and the Highway to the Pacific in 
Brazil. The primary purpose of this road is to transport 
commodities from Brazilian Amazonia to Pacific ports 
in Peru. It is being built by Brazilian construction firms 
with funding from Brazil’s National Bank for Economic 
and Social Development (BNDES). The road, although 
officially completed in 2010 but still undergoing upgrad- 
ing (as at early 2015), is already causing an upsurge 
in deforestation in the biodiversity hotspot in the 
Madre de Dios region at the base of the Andes in 
the Amazonian portion of Peru. The highway is part 
of the Initiative for the Integration of the Regional 
Infrastructure of South America (better known as 
‘IIRSA’), a massive programme to integrate transpor- 
tation infrastructure in South America (Killeen 2007). 
Despite the deficiencies of Brazil’s environmental 
review and licensing system, the neighbouring coun- 
tries in Amazonia have even less protections against 
road impacts. Therefore, Brazil’s road-building activities 
are a major force in Amazonian deforestation. 


CONCLUSIONS 


Roads built in Amazonia expose areas of rainforest 
that previously remained intact largely due to inacces- 
sibility to deforesters. Decisions to build new highways 
and upgrade or reopen marginal or abandoned high- 
ways have consequences for forest loss that are far- 
reaching, both in space and time. Rational decisions 
require realistic modelling of future deforestation, 
including the critical effect of roads. Unfortunately, the 
widespread belief that deforestation in Amazonia is 
under control and that highways can therefore be built 
at will without increasing deforestation is erroneous. 
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FURTHER READING 


Fearnside (2002): Discusses the roads and other infrastruc- 
ture planned for Brazil under a massive development plan. 
A decade later, many of the projects remain undone, but 
Brazil is moving forwards under the current ‘Plan for the 
Acceleration of Growth’ (PAC-2). 

Fearnside (2006): Discusses decision-making on roads in 
Brazil using the BR-163 and BR-319 as examples. 
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SUMMARY 


India has one of the highest rates of economic and population growth of all the developing nations as well as 
being a biologically and culturally rich country. Therefore, finding the delicate balance between development 
and nature conservation is very important. Unfortunately, more attention and resources are currently com- 
mitted to India’s economic development than to conservation of biodiversity, and the resulting rapid increase 
in roads and vehicles is causing numerous ecological problems. 
52.1 The extensive road networks within and around protected areas are a major challenge for 
conserving biodiversity. 
52.2 Roads to religious enclaves inside forests are an increasing threat to wildlife. 
52.3 India needs ecological principles in its road-construction policies, stronger political will and simple 
engineering solutions to effectively avoid and mitigate road impacts. 

India and its citizens have historically shown tremendous respect to wildlife, and a lot can be achieved 
based on this understanding. The lessons in this chapter demonstrate that solutions to many of the problems 
associated with roads and traffic can and have been found through dialogue between the stakeholders. 
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INTRODUCTION 


India is a rapidly growing developing country and 
plays a substantial role in the global economy. To foster 
this growth, India has an ambitious and aggressive 
development programme (Sengupta 2012). Roads are 
important for economic growth, and by March 2011, 
India had 4.7 million kilometres of roads (ranked 
fourth in the world in terms of total road length) with 
an average road density of 1.4km per km? (MoRTH 
2011). The number of vehicles on India’s roads is set to 
quadruple from just over 100 million in March 2011 to 
450 million by 2020 (India Transport Portal 2012). 

India is the second most populated country in the 
world and is home to four of the world’s 25 biodiversity 
hotspots (Myers et al. 2000). It has a large network of 
protected areas (PA) as well as important areas for con- 
servation outside PA, all of which are traversed by a 
network of roads. Studies on the impacts of roads on 
wildlife in India has primarily focused on documenting 
the rates of roadkill, with a few quantifying the barrier 
effects of roads on large fauna (Prakash 2012) and the 
effects of night-time traffic on smaller fauna (Vijaykumar 
et al. 2001; Seshadri & Ganesh 2011). 

The Indian government has only recently officially 
recognised the impacts of roads on wildlife. The National 
Board for Wildlife commissioned a report (Raman 2011) 
to highlight the problem and developed a framework for 
mitigation. Raman (2011) identified poor enforcement of 
existing legislation and disregard for standard procedures 
as major issues and emphasised the need for a national 
policy for implementing ecologically and socially sound 
infrastructure. Despite the recognition of the seriousness 
of road-related problems, numerous religious, social and 
development pressures also hinder ecologically sound 
road construction and management. In this chapter, we 
describe examples, mostly from the biodiversity hot- 
spot of the Western Ghats, where attempts were made 
to understand and mitigate the wildlife conservation 
problems caused by roads. 


LESSONS 


52.1 The extensive road networks within 
and around protected areas are a major 
challenge for conserving biodiversity 


Less than 4% of India’s forests are protected (MoEF 
2012), and roads traverse many of them, including 
those set aside for tiger conservation (e.g. Kudremukh 
Tiger Reserve, Nagarahole National Park, Bandipur 


Tiger Reserve and Anamalai Tiger Reserve). There is 
continual pressure to construct new roads through PA 
and widen existing roads, as well as to remove existing 
restrictions on traffic. This persistent pressure to 
upgrade roads is demonstrated at Nagarahole National 
Park, one of India’s premier tiger habitats (Karanth 
et al. 2011). The Mysore-Mananthavadi Road is a state 
highway that traverses the park and separates it from 
the adjoining Bandipur Tiger Reserve. In 2004, a pro- 
posal to upgrade this road to national highway status 
faced opposition, and two alternative alignments were 
proposed (see Chapter 37). 

A considerable diversity and abundance of wildlife 
also exist in forests and other habitats outside PA (Das 
et al. 2006), most of which are also bisected by roads. 
In several cases, the roads pass through forest corridors 
or migration paths resulting in high rates of wildlife- 
vehicle collisions (WVC) and wildlife mortality 
(Fig. 52.1, Seshadri et al. 2009). Historically, most 
roads connecting cities and towns were single lane and 
lined with century-old trees, which provided shade and 
fodder for cattle that pulled carts. Coincidentally, they 
also served as corridors for the movement of birds and 
arboreal animals. The use of cattle-drawn carts in 
rural areas has declined dramatically in recent times, 
being replaced with cars and trucks as they have 
become affordable. Consequently, roads designed for 
carts are now congested with vehicles and are being 
widened, resulting in the loss of the old roadside trees. 
Expansion and/or construction of new roads outside 
PA is readily approved by the Ministry of Environment 
because there is no legislative protection for forests or 
roadside trees outside of PA and development projects 
take priority. 


52.2 Roads to religious enclaves inside 
forests are an increasing threat to wildlife 


Religion is a fundamental part of Indian life and cul- 
ture, with greater than 93% of the population associat- 
ing themselves with a religion. Many places of worship 
are located within forests (including within PA), and 
people visit them to attend festivals, consequently 
impacting the vegetation and wildlife. These impacts 
are exacerbated when large numbers of pilgrims arrive 
in private vehicles and set up temporary camps. This is 
particularly evident in the Periyar Tiger Reserve where 
approximately 50 million pilgrims visit the temple 
throughout the year, with a peak during the annual 
Sabarimala Festival in January. Similarly, about half a 
million people congregate for a week at Sorimuthian 
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Figure 52.1 Leopard roadkill on the MM Hills—Ponnachi Road inside the Cauvery Wildlife Sanctuary. Unregulated vehicle 
movement at night on this state highway causes such mortalities. Implementing a ban on night-time traffic is thus important. 
Source: Photograph by and reproduced with permission from Anjali Anantharam. 


Temple inside the Kalakad Mundanthurai Tiger 
Reserve during the Aadi Amavasai Festival. While pil- 
grim movement occurs throughout the year at numer- 
ous religious enclaves, annual pilgrimages are 
associated with high traffic densities and high rates of 
wildlife mortality. For example, pilgrims to the annual 
Sorimuthian Festival must travel along a 14km road 
passing through three forest types to reach the temple, 


often leading to major traffic jams (Fig. 52.2). Night- 
time traffic is ordinarily banned in the reserve, but 
during the festival, the restriction is removed and 
vehicles are allowed to enter at night. Three surveys 
conducted during the day on the access road in 2008 
and 2009 found 1399 dead animals from > 54 species 
during the festival compared to 230 deaths of 16 spe- 
cies before the festival (Seshadri & Ganesh 2011). 


Figure 52.2 Traffic congestion inside the Kalakad Mundanthurai Tiger Reserve becomes a physical barrier for wildlife. 
Vehicles travelling in batches with 10-15 min gaps between batches would help ease the barrier effect. Source: Photograph 


by Seshadri K.S. 
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Apart from roadkill during the festival, poaching, fuel- 
wood collection, garbage dumping and deliberate 
burning of the forest also occur. 

Potential strategies to reduce wildlife mortality associ- 
ated with pilgrimages include: (i) applying and enforcing 
bans on night-time vehicle movement through the forest 
(Chapter 37); (ii) reducing the number of vehicles by 
encouraging the use of public transport; (iii) implement- 
ing traffic calming measures like batching vehicle move- 
ments with half-hour gaps in between; (iv) lowering 
vehicle speed by installing speed bumps; and (v) manag- 
ing roadside vegetation to slow traffic and maintain can- 
opy connectivity (Chapter 40). The implementation of 
these solutions, however, varies because the stakeholders 
of places of worship typically oppose any measure that 
may restrict or inconvenience pilgrims, consequently 
reducing income. Any hindrance to the movement of 
pilgrims becomes a volatile issue, and political and 
public support usually favours the place of worship. 
Consequently, park managers and conservation advo- 
cacy groups must work hard to obtain community sup- 
port to implement mitigation strategies. 


52.3 India needs ecological principles in its 
road-construction policies, stronger political 
will and simple engineering solutions to 
effectively avoid and mitigate road impacts 


The judiciary has been used to prevent and mitigate 
some of the ecological impacts of roads and traffic. 
However, using the courts to solve conflicts with road 
projects is problematic because it is a lengthy process, 
delays are likely and in most cases the outcome is 
uncertain since environmental matters are often a low 
priority. Furthermore, the person who petitions the 
court may face persecution and even death threats 
from vested interests. 

Most conservation battles in India have been won by 
dedicated individuals and groups. A massive increase 
in community support for conservation is essential to 
increase political support for reform in road ecology. 
But the contrary seems to occur more often. For exam- 
ple, the Supreme Court of India passed a ruling in 
March 2013 that removed the need for approval of 
road projects from both the central Ministry of the 
Environment and Forests and the State Forest 
Department, allowing numerous major projects to 
commence (Das 2013). This ruling means that pro- 
jects can commence without adequate protection for 
wildlife and forests, effectively undermining the 
Wildlife (Protection) Act of 1972 and the Forest 


(Conservation) Act of 1980. Itis important for all con- 
servationists and community members to vehemently 
protest this move as the PA will be permanently trans- 
formed, resulting in severe adverse effects to wildlife 
populations, increasing their risk of extinction. 
International pressure against this policy ruling is 
necessary because it violates the Convention on 
Biological Diversity and contravenes the sustainability 
policies of many of the international banks that 
finance road projects. 

Many options to mitigate the ecological impacts of 
roads on wildlife are inexpensive. Importantly, planners 
and engineers should use all construction and mainte- 
nance projects as opportunities to modify existing 
structures (e.g. drainage culverts) when suitable, to pro- 
vide safe passage for wildlife. Despite the massive bene- 
fits of road-free areas (Chapter 3) and existing laws that 
prevent new roads through PA and the use of roads at 
night, developmental pressures lead to relaxing these 
laws. Hence, there is a need to incorporate mitigation 
measures like wildlife crossing structures to facilitate 
wildlife movement and fencing to prevent WVC in areas 
where vehicular movement cannot be avoided. 

India may be a relatively poor country, but 
adopting these minimum standards represents a 
small proportion of the overall road budget, and 
international funding agencies, such as the World 
Bank, should require greater standards as a condi- 
tion of funding. 


CONCLUSIONS 


It is evident that roads are a persistent feature of 
developing countries like India (see also Chapters 2, 
36-38, 41, 43, 50, 51, 53-58). The negative ecologi- 
cal impacts of roads passing through biologically and 
culturally diverse areas of India are numerous and 
widespread. With existing road networks and vehicle 
usage poised for rapid expansion, it is important to 
reconcile development with that of nature conserva- 
tion. There are many challenges to achieving a sus- 
tainable road network in India, but the important 
areas include: (i) overcoming the lack of knowledge 
regarding the ecological impacts of roads; (ii) ensuring 
the avoidance and mitigation of impacts is mandatory 
for all road projects; (iii) ensuring road users and road 
authorities understand each other and work col- 
laboratively; (iv) controlling unplanned growth and 
vested interests; and (v) ensuring a productive and 
collaborative dialogue between road authorities and 
ecologists/biologists. 
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SUMMARY 


Adequate protection of biodiversity in the planning and development of road projects is typically rare in 
India and other countries in Asia. This issue creates conflict among planners, decision-makers and the 
conservation community and causes significant delays in land transfers and decision-making. This situation 
warrants the need for regulatory reforms to ensure environmental impact assessments (EIAs) are adequate, 
comprehensive and focused on assessing relevant impacts. 

53.1 The EIA of road projects that cross jurisdictional boundaries or different land categories should be 
a single report, not multiple stand-alone reports. 

53.2 Regulatory reforms are needed to define the width of the road corridor for EIAs based on the likely 
extent and severity of the road-effect zone. 

53.3 Greater collaboration and coordination among transportation planners, land managers and wild- 
life experts is essential to ensure that the ecological requirements of wildlife are included in the design of 
roads and mitigation measures. 
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53.4 Reliable information on biodiversity issues facilitates decision-making and can improve 
cost-effectiveness. 
53.5 The potential impact of non-road linear infrastructure associated with major developments is often 
overlooked and should be considered through cumulative environmental assessment. 

Many of these lessons are applicable to other developing countries in South and Southeast Asia (see case studies 
in Rajvanshi et al. (2001)), and improvements in the EIA and planning of new road projects are urgently required. 


INTRODUCTION 


The importance of road and rail transportation for 
improving access and economic development is rarely 
questioned in most developing countries in Asia 
(Raghuram & Babu 2001). The National Highways 
Development Project (NHDP) currently being imple- 
mented by the National Highways Authority of India 
(NHAI) is the largest cross-country highway project in 
India. It aims to add new roads, upgrade, rehabilitate 
or widen nearly 14,000km of existing highways to 
four or six lanes in three successive 5-year plans 
(2005-2020). The 143,000km Asian Highway criss- 
crossing 32 countries with links to Europe (ADBI 
2013) is another major transport system promoting 
the development of the region. 

Regulatory frameworks for environmental approval 
of road projects exist in most Asian countries. 
Despite this, the neglect of biodiversity considera- 
tions in road planning has exacerbated challenges to 
conserving wildlife in many sensitive landscapes. In 
India, the Vision 2021 (IRS 2001) prioritises road 
projects that upgrade existing highways to multiple 
lanes, construction of bypasses around congested 
urban areas and connection of rural areas with all- 
weather roads. Unfortunately, this vision overlooks 
the need to incorporate biodiversity concerns in pro- 
posed projects. Likewise, in Peninsular Malaysia, the 
Highway Network Development Plans that were 
prepared in accordance with guidelines for EIA 
(DOE 2011) and implemented by the Ministry of 
Works failed to consider the impacts of the tens of 
thousands of km of existing roads criss-crossing the 
habitat of the threatened Malayan tiger. In Indonesia, 
decisions on the location of forestry roads are often 
made ‘on the bulldozer’ (Hiittche 1999), despite the 
existence of the Indonesian EIA process referred to 
as Analisis Mengenai Dampak Lingkungan (AMDAL). 
A significant failing of a recent road development 
through forest in north-west Laos was the opening 


of formerly inaccessible forests to further logging, 
hunting and development (Stidbig et al. 2007) (see 
also Chapters 2, 3 and 51). 

This chapter highlights lessons learned from 
the shortcomings in current planning procedures 
and regulatory processes and their implications 
for biodiversity conservation for roads through 
ecologically sensitive landscapes in South and 
Southeast Asia. 


LESSONS 


53.1 The EIA of road projects that cross 
jurisdictional boundaries or different land 
categories should be a single report, not 

multiple stand-alone reports 


The compartmentalisation of a single highway pro- 
ject into separate projects on the basis of jurisdic- 
tional boundaries, land use or landownership is 
common practice in Southeast Asia (e.g. India and 
Laos). Generally, the rationale for splitting a single 
project is to facilitate the approval of land take in dif- 
ferent areas. Adoption of such an approach, based on 
seemingly rational criteria, is also often intended to 
‘force’ the approval for land clearing in conservation 
areas. Approvals for land diversion and clearing are 
often obtained first for sections of road that pass 
through biologically poor areas (e.g. privately owned 
or non-forested lands) because they are relatively 
easy to acquire. This action can then be used to jus- 
tify the construction or widening of the section of 
road through the protected area because it is the final 
section to complete the project (Textbox 53.1). 
Splitting projects into sub-projects can sometimes 
result in additional delays in project implementation 
due to disputes among contractors and insufficient 
supply of equipment, partly offsetting the cost sav- 
ings in other areas. 
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From a planning perspective, several sub-projects 
can make impact assessment and decision-making 
complex and challenging. Dividing a single project 
into multiple sections may not halt or prevent the 
widening of a road through a conservation area if 
the road at each end of the conservation area has 
already been widened. Planning documents must 


be based on single projects, and the EIA must 
accordingly focus on evaluating the impacts of the 
entire road on all ecological units within the road 
corridor. The road should only be divided into 
multiple sections for detailed design to facilitate 
logistics during construction and to minimise dis- 
ruption to traffic. 


Textbox 53.1 Piecemeal planning and EIA of a road project leads to poor outcomes for biodiversity. 


The National Highways Authority of India (NHAI) pro- 
posed widening of the National Highway (NH-)37 from 
two to four lanes in the states of Madhya Pradesh and 
Maharashtra in India. The 92km project was divided 
into three sections: (i) private lands in Madhya Pradesh 
and Maharashtra, (ii) forested areas of South Seoni 
Forest Division in Madhya Pradesh and (iii) Pench 
Tiger Reserve in both states (Fig. 53.1). 

Numerous wildlife species, including the endan- 
gered tiger, currently cross the two-lane highway (with 
about 3000 vehicles per day) where it passes through 
Pench Tiger Reserve. Wildlife—-vehicle collisions (WVC) 
and subsequent wildlife mortality (1035 total roadkills 
in 430 days) are a significant impact of the existing 
two-lane highway (Rajvanshi et al. 2013). The risk of 
WVC becomes greater as traffic volume and speed 
increase until a threshold is reached and wildlife begin 
to avoid the road and traffic. While fragmentation is a 
significant effect of major roads, WVC still occurs as 
some animals attempt to cross the road. 

The preferred approach would be to avoid and/or 
remove or not widen existing roads through ecologi- 
cally significant and biologically diverse habitats. In 
this specific case, road widening outside the reserve 
had been approved, and the fast-moving vehicles 


Madhya Pradesh 


Private land 


four lane Pench tiger 


reserve 


South seoni forest 
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would be funnelled into the narrow section through the 
reserve, creating a bottleneck and traffic congestion 
(Fig. 53.2). The higher density of slow-moving vehicles 
in the bottleneck is likely to pose a significant barrier 
to the movement of wildlife, including tigers. 

The NHAI prepared a stand-alone EIA for each of 
the three road sections to obtain the necessary 
approvals. This did not provide a ‘big picture’ per- 
spective of the ecological impacts and also led to 
decisions that justified adopting piecemeal mitigation. 
Presently (as at early 2014), the widening of the NH-7 
has been halted because the sections through the for- 
est and Tiger Reserve have not been approved, 
despite approval having been given for the sections 
through private land. Since this is an existing NH, its 
closure through the reserve is unlikely. Approval to 
widen the road through the reserve appears inevitable 
because the adjacent sections have already been wid- 
ened. The challenge for managers is to design the 
road such that WVC and the barrier effect of the wid- 
ened road do not further endanger wildlife, especially 
the endangered tiger. An optimal approach is to fence 
the highway to prevent WVC and provide adequate 
numbers of effective crossing structures to maintain 
connectivity. 
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Figure 53.1 Status of the widening of NH-37 through Pench Tiger Reserve in Madhya Pradesh and Maharashtra, India. 


Source: Asha Rajvanshi. 
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Road section through sensitive habitat 


Figure 53.2 Increased traffic congestion is likely where four lanes of the NH-7 would merge into two through the 
Pench Tiger Reserve, increasing the barrier effect. Source: Adapted from Rajvanshi et al. (2013). 


53.2 Regulatory reforms are needed to 
define the width of the road corridor for ElAs 
based on the likely extent and severity of 
the road-effect zone 


Many Asian countries have legislation to guide the 
process and scope of EIAs. For example, legislation in 
India stipulates that EIAs in ecologically sensitive 
areas, including for road projects, should extend 15 km 
from proposed developments. However, EIA practition- 
ers often conduct inadequate assessments because 
survey effort is either thinly spread over a large area or 
they focus effort on a narrow corridor and miss the 
wider-ranging impacts. Ideally, the spatial limit for 


assessments would not be universally applied to all 
developments because the zone of influence will vary. 
While the physical footprint of the project is simply the 
width of the road plus the right of way, the size and 
severity of the road-effect zone (Chapter 1) will vary 
depending on road width, traffic volume, topography, 
vegetation type and species of wildlife (Fig. 1.1). 

We recommend that the spatial extent of the investi- 
gation area be based on the likely extent and severity of 
the road-effect zone, the species present therein and 
their conservation importance. Once a suite of alter- 
native potential corridors have been identified, they 
should be examined using geographic information 
system (GIS) data and field visits to identify ecologically 
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important features and species and to set the limits for 
investigation. Existing guidelines (e.g. Byron 2000; 
Rajvanshi et al. 2007; NRA 2009) provide a solid 
basis to begin defining corridor widths for surveys of 
different taxonomic groups during an EIA. Countries 
that lack these guidelines should consider using those 
available from other regions and adapting them to 
their conditions. 


53.3 Greater collaboration and coordination 
among transportation planners, land 
managers and wildlife experts is essential to 
ensure that the ecological requirements of 
wildlife are included in the design of roads 
and mitigation measures 


Roadside verges are important habitats and corridors 
for movement of many species of invertebrates, birds, 
reptiles and mammals, especially in highly cleared 
and modified landscapes (Chapters 29, 39, 46 and 
48). Numerous studies around the world have identi- 
fied and reiterated the potential conservation value 
of roadside habitats for the conservation of biodi- 
versity (e.g. Oxley et al. 1974; Bellamy et al. 2000; 
Hlavac & Andel 2002; Brock & Kelt 2004; Huijser & 
Clevenger 2006; Noordijk et al. 2009). Road and 
landscape planners who are unaware of the potential 
ecological importance of roadside habitats may inad- 
vertently compromise this function by reducing the 
size of the verge or managing it inappropriately. 
Unlike other parts of the world where road verges 
along highways are intensively managed (e.g. mown 
grass and potential obstructions removed), road 


verges in India, especially in conservation areas, are 
typically a natural transition between interior forest 
and the road (Fig. 53.3). 

The preferred option when planning the location of 
new or widened roads is, of course, to avoid placing 
them in high-conservation-value habitats. If such 
areas cannot be avoided, a combination of fencing and 
crossing structures is the next best approach to avoid 
WVC and maintain connectivity. If this is also not 
feasible (e.g. due to costs), verges consisting of transi- 
tional vegetation through interior forest should not be 
made narrower to reduce demand on forest land 
without taking into account other potential impacts. 
While minimising the size of the cleared or modified 
right of way in conservation areas and tropical rain- 
forest (Chapter 49) should always be a priority, the loss 
of the verge can have negative implications for con- 
servation of some species and highway safety. In the 
absence of crossing structures and fencing, wildlife 
will attempt at-grade crossings of the road and will 
use the verge to make decisions about when and where 
to cross (Fig. 53.4). Therefore, excessive reduction of 
verge width can increase the risk of WVC and animal 
mortality because wildlife are more difficult to detect 
by motorists and animals have less space to retreat to 
avoid vehicles. However, wider verges may have other 
negative impacts, including invasion by weeds and 
avoidance by forest-interior species (Chapter 49). 
Careful planning and further research are necessary 
to determine the appropriate width and management 
of the verge that maximises safety for motorists and 
minimises the suite of ecological impacts. 

Acommon misconception of many road engineers in 
South and Southeast Asia is that drainage structures 


Figure 53.3 The natural features of the edge habitat are generally retained on highways in Asia as is visible along NH-37 in 
India through Kaziranga National Park (A) and barking deer feeding in edge habitat along NH-37 (B). Source: Photographs by 
A. Pragatheesh © WII 2013. Reproduced with permission from Wildlife Institute of India. 
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under roads are suitable and effective crossing struc- 
tures for all wildlife. While this may be true for some 
species (e.g. wild pig, civets, porcupine and mongoose), 
there are others (e.g. spotted deer, leopards and tigers) 
that appear unwilling to use drainage culverts 
(Rajvanshi et al. 2013). Coordination among road 
planners and ecologists is essential to integrate the 
critical ecological requirements of wildlife into the 
design and location of multifunctional drainage struc- 
tures for wildlife passage (Textbox 53.2). 


53.4 Reliable information on biodiversity 
issues facilitates decision-making and can 
improve cost-effectiveness 


A 24km section of the 108km-long Nandyal- 
Giddalur—Thokapalli Road in Andhra Pradesh state 
of India was proposed for widening in the mid-1990s. 
A review of the EIA report by government found it 
deficient on several counts. For example, it did not con- 
sider the potential barrier effect of the road on the 


Figure 53.4 Elephant from the Kaziranga National Park in India approaches NH-37. In situations like this, a cleared verge 
provides wildlife and drivers with time and space to see each other and potentially avoid WVC. Source: Photograph by 
A. Pragatheesh © WII 2013. Reproduced with permission from Wildlife Institute of India. 


Textbox 53.2 More collaboration between road planners and ecologists is needed in South and 
Southeast Asia to ensure wildlife crossing structures are optimally designed and located. 


The proposed upgrade of the Gujarat Highway (NH-14) 
from two lanes to four through the Balaram-Ambaji 
Wildlife Sanctuary in India (Fig. 53.5) shows how 
inadequate collaboration between planners and 
ecologists resulted in suboptimal outcomes for wild- 
life. This sanctuary supports the most western popu- 
lation of the endangered sloth bear (Fig. 53.6) in India, 
and the highway severs a movement corridor for bears 
between the Balaram-Ambaji and Jessore Wildlife 
Sanctuaries (Singh 2000). 

The NHAI proposed a number of crossing struc- 
tures to facilitate the movement of wildlife including 
leopard, sloth bear, hyena, nilgai and mongoose. 


Before approving the project, the National Board for 
Wildlife called for the evaluation of the efficacy of the 
proposed mitigation measures. It was concluded that 
planners who had no understanding of the ecological 
requirements of the species proposed far too many 
crossing structures in inappropriate locations in the 
hope of expediting approval for the project (WII 
2007). For example, one culvert was located near 
high-tension power lines where animal movements 
had not been detected, and another was located in a 
highly disturbed agricultural area. Wildlife crossing 
structures must be appropriately designed and 
located to be effective. 
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Figure 53.5 Proposed widening of NH-14 in India between two wildlife sanctuaries showing locations of proposed 
animal crossing structures. Source: Wildlife Institute of India (WID (2007). 


Figure 53.6 The endangered sloth bear in India is threatened by roads. Highway projects, including the NH-14 
upgrade, would further impact the species. Source: Photograph by and reproduced with permission from Saurabh Desai. 
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endangered giant squirrel, a gliding mammal (see 
also Chapter 40). The EIA also incorrectly reported 
the location of the road as being outside the southern 
border of Gundla-Brahmeswaram Sanctuary. This 
necessitated the involvement of a new team of biodi- 
versity experts, who concluded that the road would not 
restrict the movements of the giant squirrel because 
the 5m-wide carriageway allowed overhanging trees 
to form a connected canopy and thus allow movement 
(Chapters 40 and 49). Since the impacts were likely 
to be modest, no costly mitigation measures were 
proposed by the biodiversity experts. This experience 
demonstrates the key lesson that including specialists 
in the field, even for a quick inspection, is vastly supe- 
rior to desk-based analyses and on this occasion 
resulted in cost savings (WII & CEC 1998). 


53.5 The potential impact of non-road 
linear infrastructure associated with major 
developments is often overlooked and 
should be considered through cumulative 
environmental assessment 


Roads often form secondary or supporting infrastruc- 
ture for major development projects such as mining, 
energy generation and airports (Chapter 27). The eco- 
logical impacts of such roads rarely receive adequate 
attention in the EIA because the focus is usually to 
assess the primary impacts of the major development. 

Many examples highlight that the ecological implica- 
tions of secondary developments such as roads can some- 
times be more significant than those associated with the 
primary development. For example, the access road to the 
Bodai-Daldali Bauxite Mine in Chattisgarh state of India 
required widening to 8 m to accommodate trucks. An EIA 
for the project concluded that the widened road would 
increase the patchiness of critical tiger habitat in central 
India to an unacceptable level (Rajvanshi 2011). The 
mine project was recommended on the condition that a 5. 
5 km-long conveyer belt be used to transport the ore from 
the mine to the stocking yard instead of widening a 
50km-long section of road through sensitive areas for 
truck transport of ore. However, this could not be achieved 
as the cost of the conveyer system was not considered in 
the economic analysis of the project. 

This lesson highlights the need to develop more 
stringent scoping requirements for EIA of projects 
involving secondary developments with potentially 
significant impacts. Also, regulatory reforms are nec- 
essary to ensure projects with a large footprint from 
subsidiary developments use cumulative environmental 


assessment (CEA; Chapter 5) to capture all direct, indi- 
rect, larger, multiple or combined impacts associated 
with major developments. This lesson also highlights 
the need to conduct a thorough and fair cost-benefit 
analysis of the project that incorporates the cost of 
effective mitigation, not just the cheapest or simplest. 


CONCLUSIONS 


The road network across South and Southeast Asia 
will continue to grow in length, width and sophistica- 
tion of design and engineering. The ecological impacts 
of roads and traffic must receive greater attention to 
ensure the future road network is functional and safe 
for people as well as not being an impediment to main- 
taining healthy, sustainable ecosystems and wildlife 
populations. Importantly, this requires looking beyond 
the horizons of individual stakeholders and drawing 
from a larger perspective and synthesis of knowledge 
and experience of planners, engineers and biodiversity 
experts. The benefits of encouraging landscape-level 
impact assessment of road projects are huge and 
many. Regulatory reforms and development policy 
must encourage comprehensive EIA and CEA as a 
planning support tool to resolve the often complex and 
competing issues around road projects. 
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FURTHER READING 


Davenport and Davenport (2006): Share perspectives of eco- 
logical effects and their causes and ameliorative approaches 
through future design options for transport systems. 

Goosem et al. (2010): Presents a framework for understanding 
the primary ecological issues to be addressed in the planning, 
design and management of roads in rainforest environments 
that is also highly relevant in the context of Asian region. 

Hilty et al. (2006): Guiding principles and cautionary notes 
for achieving habitat connectivity while implementing cor- 
ridor projects. 

Kintsch and Cramer (2011): Provides guidance on improving 
wildlife permeability needs in existing wildlife structures 
and to plan and design effective passage for wildlife in new 
road corridors. 
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Rajvanshi et al. (2007): A best-practice manual to provide 
‘start to end’ procedures for identifying entry points 
for mainstreaming biodiversity in impact assessment of 
developments in different sectors including the road sector. 


REFERENCES 


Asian Development Bank Institute (ADBI). 2013. Connecting 
South Asia and Southeast Asia. ADBI, Tokyo, Japan. 

Bellamy, P. E., R. F. Shore, D. Ardeshir, J. R. Treweek, and T. H. 
Sparks. 2000. Road verges as habitat for small mammals in 
Britain. Mammal Review 30: 131-139. 

Brock, R. E. and D. A. Kelt. 2004. Influence of roads on the 
endangered Stephens’ kangaroo rat (Dipodomys stephensi): 
are dirt and gravel roads different? Biological Conservation 
118: 633-640. 

Byron, H. 2000. Biodiversity and Environmental Impact 
Assessment: A Good Practice Guide for Road Schemes. The 
RSPB, WWE-UK, English Nature and the Wildlife Trusts, 
Sandy, UT. 

Clements, R. 2013.How will Road Expansion Affect Tiger 
Landscapes in Peninsular Malaysia? Spot Image, Toulouse, 
France. Available from http://www.planet-action.org/ 
web/8 5-project-detail.php?projectID=10268 (accessed on 
September 2013). 

Davenport, J. and J. L. Davenport, editors. 2006. The Ecology 
of Transportation: Managing Mobility for the Environment. 
Springer, Dordrecht, the Netherlands. 

Department of Environment (DOE). 2011. Handbook of 
Environmental Impact Assessment Guidelines. Department 
of Environment, Ministry of Science, Technology and 
Environment (MSTE), Kuala Lumpur, Malaysia. 

Goosem, M., E. K. Harding, G. Chester, N. Tucker, C. Harriss, 
and K. Oakley. 2010. Roads in Rainforest: Best Practice 
Guidelines for Planning, Design and Management. 
Guidelines prepared for the Queensland Department of 
Transport and Main Roads and the Australian Govern- 
ment’s Marine and Tropical Sciences Research Facility. Reef 
and Rainforest Research Centre Limited, Cairns, Australia. 

Hilty, J. A., Z. W. Lidicker Jr., and A. M. Merenlender. 2006. 
Corridor Ecology: The Science and Practice of Linking 
Landscapes for Biodiversity Conservation. Island Press, 
Washington, DC. 

Hlavac, V. and P. Andel. 2002. On the Permeability of Roads 
for Wildlife: A Handbook. Agency for Nature Conservation 
and Landscape Protection of the Czech Republic, Prague, 
Czech Republic. 

Huijser, M. P. and A. P. Clevenger. 2006. Habitat and corridor 
function of rights-of-way. Pages 233-254. In: J. Davenport 
and J. L. Davenport (eds.). The Ecology of Transportation: 
Managing Mobility for the Environment. Springer, Dordrecht, 
the Netherlands. 

Hüttche, C. 1999. Making AMDAL a Tool for Road Planning 
in Forests in Indonesia. Discussion Paper. Natural Resource 
Management Programme, USAID, Indonesia. 


Indian Road Congress (IRS). 2001. Road Development Plan 
Vision, 2021. IRS, Ministry of Shipping and Transport, 
New Delhi, India. 

Kintsch, J. and P. C. Cramer. 2011. Permeability of Existing 
Structures for Terrestrial Wildlife: A Passage Assessment 
System. Research Report No. WA-RD 777.1. Washington 
State Department of Transportation, Olympia, WA. 

National Roads Authority (NRA). 2009. Ecological Surveying 
Techniques for Protected Flora and Fauna during the 
Planning of National Road Schemes. NRA, Dublin, Ireland. 

Noordijk, J., I. P. Raemakers, A. P. Schaffers, and K. V. Sýkora. 
2009. Arthropod richness in roadside verges in the 
Netherlands. Terrestrial Arthropod Review 2: 63-76. 

Oxley, D. J., M. B. Fenton, and G. R. Carmody. 1974. The effects 
of roads on populations of small mammals. Journal of 
Applied Ecology 11: 51-59. 

Raghuram, G. and R. Babu. 2001. Alternative means of 
financing railways. In: G. Raghuram, R. Jain, S. Sinha, P. 
Pangotra, and S. Morris (eds.). Infrastructure Development 
and Financing: Towards a Public-Private Partnership. 
Macmillan, New Delhi, India. 

Rajvanshi, A. 2011. Site Appraisal Report of Bodai-Daldali 
Open Cast Bauxite Mine of Bharat Aluminum Company 
Limited. Submitted to the Ministry of Environment and 
Forests. Government of India, India. 

Rajvanshi, A., V. B. Mathur, G. Teleki, and S. K. Mukerjee. 2001. 
Roads, Sensitive Habitats and Wildlife: Environmental 
Guideline for India and South Asia. Wildlife Institute of 
India, Dehradun and Canadian Environmental Collaborative 
Ltd., Toronto, ON, Canada. 

Rajvanshi, A., V. B. Mathur, and U. A. Iftikhar. 2007. 
Best Practice Guidance for Biodiversity-Inclusive Impact 
Assessment: A Manual for Practitioners and Reviewers 
in South Asia. International Association for Impact 
Assessment (IAIA), North Dakota. 

Rajvanshi, A., V. B. Mathur, and A. Pragatheesh. 2013. 
Ecological Effects of Roads through Sensitive Habitats: 
Implications for Wildlife Conservation. Research Report. 
Wildlife Institute of India, Dehradun, Uttarakhand, India. 

Singh, R. 2000. Management Plan for Balaram-Ambaji Wildlife 
Sanctuary. Banaskantha Forest Division, Gujarat, India. 

Stidbig, H. J., F Stolle, R. Dennis, and C. Feldkotter. 2007. 
Forest Cover Change in Southeast Asia — The Regional 
Pattern. JRC Scientific and Technical Report, EUR 22896 
EN — 2007. European Commission Joint Research Centre, 
Ispra, Italy. 

Wildlife Institute of India (WII). 2007. Review of the 
Mitigation Measures Proposed for the Widening of NH-14 
through Balaram—Ambaji Wildlife Sanctuary, Gujarat 
State. WII-EIA Technical Report 33. Wildlife Institute of 
India, Dehradun, Uttarakhand, India. 

Wildlife Institute of India & Canadian Environmental 
Collaborative Ltd. (WII & CEC). 1998. The Andhra Pradesh 
State Highway Rehabilitation and Maintenance Project: 
The Nandyal-Giddalur—Thokapalli Road. Technical Report. 
Wildlife Institute of India, Dehradun, Uttarakhand, India. 


Chapter 54 


SETJHABA SA, SOUTH 
AFRIKA: A SOUTH AFRICAN 
PERSPECTIVE OF AN 
EMERGING TRANSPORT 
INFRASTRUCTURE 


Wendy Collinson’, Dan Parker’, Claire 
Patterson-Abrolat', Graham Alexander? 


and Harriet Davies-Mostert! 


lEndangered Wildlife Trust, Johannesburg, South Africa 

?Department of Zoology and Entomology, Wildlife and Reserve Management Research 
Group, Rhodes University, Grahamstown, South Africa 

3School of Animal, Plant, and Environmental Sciences, University of the Witwatersrand, 
Johannesburg, South Africa 


SUMMARY 


Roads are integral to the financial development and prosperity of the South African economy. However, a 
multitude of species and habitats are under increasing pressure from human development, and the need 
for a quick method of recognising the latent threat caused by roads is becoming more urgent. It is therefore 
important to reach a compromise between conserving the country’s wildlife from the impacts of roads and 
providing road networks which enable South Africa’s economy to function effectively. 

54.1 Wildlife-vehicle collisions in South Africa are costly and likely to be under-reported. 

54.2 Knowledge of the impacts of roads and traffic in South Africa is limited because most studies have 
focused solely on roadkill. 

54.3 South Africa needs a standardised protocol to detect and record roadkill. 

54.4 Fencing may be a successful mitigation measure in South Africa, but it can exacerbate fragmentation. 


The national anthem of South Africa. The lyrics employ the five most widely spoken languages of South Africa’s eleven official lan- 
guages — Xhosa, Zulu, Sesotho, Afrikaans and English. ‘Setjhaba sa, South Afrika’ means ‘The nation of South Africa’ in Sesotho. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
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Companion website: www.wiley.com\go\vanderree\roadecology 
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The threat of roads and traffic to wildlife in South Africa is generally poorly understood. Consequently, 
there is a need to define the extent of the impact of roads on the country’s wildlife and develop national 
guidelines that not only contribute towards effective conservation planning but also to the sustainable 
development of infrastructure in South Africa. 


INTRODUCTION 


South Africa is the 25th largest country in the world, 
ranked 18th globally in terms of total road length 
(65,600km paved and 689,000km unpaved out of 
1.2 million km? of the country’s surface) and 74th for 
the number of cars (123 cars per 1000 people) (CIA 
2012). Almost half (47%) of South Africa’s roads are 
classified as state or provincial roads, followed by 
29% rural, with 23% metropolitan or municipal and 
1% national (Karani 2008). Recent annual budgets 
of US$140 million (National Treasury 2013) have 
been allocated for building, upgrading and maintain- 
ing roads over the next 3 years, but no offset is mentioned 
for the indirect and direct effects of roads or their cumu- 
lative effects on wildlife (Karani 2008). Furthermore, 
the South African population is ranked 26th in the 
world (51 million people or 42 people per km?; CIA 2012) 
and with a positive economic growth of 4%, pressure is 
anticipated on all modes of transport through greater 
demand and increased use (Karani 2008; Statistics 
South Africa 2012). In South Africa, approximately 
75% of freight is transported by road (Karani 2008). 

There is a perennial conflict between development and 
biodiversity objectives in South Africa. South Africa’s 
future economic development requires infrastructure 
and the construction of new transport routes is inevita- 
ble. South Africa is estimated to have the world’s fifth 
largest mining sector in terms of GDP (18%) and mining 
accounts for 50% of transportation volume (Statistics 
South Africa 2012). In addition, tourism is an important 
revenue earner, currently accounting for 7.9% of GDP 
and supporting one in every 12 jobs in South Africa. 
South Africa contains eight World Heritage Sites (from 
166 globally; Dudley 2008) and 19 national parks. 
Tourism is expected to generate an annual contribution 
of US$56 billion by 2020, placing the country’s trans- 
port network under increasing pressure to meet these 
demands (Statistics South Africa 2012). 

South Africa is the most affluent country in Africa, 
and yet 60% of the population lives below the poverty 
line (<US$67 per month). Roads are continually being 


constructed to facilitate effective transport of goods 
and services and to improve access to resources and 
employment opportunities. Innovative strategies are 
required to minimise the ecological impact of roads as 
well improve people’s livelihoods. Although South 
Africa has a legislative framework that necessitates 
environmental impact assessments for development, 
these tools are not always used optimally. This is in part 
due to the lack of capacity to ensure compliance and 
enforcement, and also partly due to a lack of under- 
standing of the real impacts of development. This 
chapter aims to illustrate the challenges and some 
solutions facing transportation planners and ecologists 
in South Africa. 


LESSONS 


54.1  Wildlife-vehicle collisions in South Africa 
are costly and likely to be under-reported 


In 2011, there were 13,932 human fatalities from 
road accidents in South Africa (RTMC 2011; PMG 
2013). Wildlife-vehicle collision (WVC) did not rate as 
a category for describing the type of collision, but came 
under the heading of ‘other’ or ‘unknown’, of which 
there were 714. Annually, around US$150 million is 
spent on accident insurance claims, with US$7.7 million 
attributed to possible WVCs (RTMC 2011). It is difficult 
to state why little WVC data is available; it may be 
because some vehicles are uninsured, belief of ‘getting 
in trouble’ with the law for killing an animal, or simply 
because many people drive four-wheel drive vehicles in 
South Africa and are therefore less likely to be involved 
in a serious collision (RTMC 2011). This may be par- 
ticularly so for smaller species that cause little or no 
vehicle damage, and may not be considered a priority. 
And while vehicle owners are financially compensated 
through their insurance, the biodiversity costs of these 
collisions are never calculated (Eloff & van Niekerk 
2005). A report on the progress of achieving road 
safety, road safety education and data collection goals 
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presented at the African Road Safety Conference held 
in Ghana in 2007 (PMG 2013) concluded that the 
main challenge in South Africa was a lack of resources. 


54.2 Knowledge of the impacts of 

roads and traffic in South Africa is limited 
because most studies have focused solely 
on roadkill 


Research on the ecological impacts of roads has been 
slower in Africa than elsewhere in the world, and mitiga- 
tion of such impacts is rarely considered during road 
projects (Chapters 55 and 56). The few studies that have 
been conducted in southern Africa (e.g. Jackson 2003; 
Mkanda & Chansa 2010; Bullock et al. 2011) have 


focused primarily on the rate and location of wildlife 
mortality (Textboxes 54.1 and 54.2). However, simple 
counting of the number of mortalities does not estimate 
the extent to which roads and vehicles are endangering 
wildlife populations or species. This reflects the need for 
a greater understanding of other potential impacts of 
roads, including habitat fragmentation and pollution. 
One of the earliest studies in South Africa 
recorded bird roadkill in the Northern Cape Province 
(Siegfried 1966). Later studies included surveys in 
the Eastern Cape (Eloff & van Niekerk 2008), Nama- 
Karoo (Dean & Milton 2009), the southern Kalahari 
(Bullock et al. 2011), northern Limpopo (Collinson 
2013) as well as unpublished data from various 
locations (I. McDonald, Percy FitzPatrick Institute 
of African Ornithology, University of Cape Town, 


Textbox 54.1 Roads and grain spill threaten owls in South Africa. 


In 2004, owls (including the African grass owl, barn 
owl, marsh owl and spotted eagle owl; Fig. 54.1) were 
being killed in significant numbers (n=554) on a 41 km 
stretch of the N17 toll road between Springs and 
Devon, South Africa (Ansara 2004) (Fig. 54.2). Research 
indicated that rodent populations were flourishing due 
to the availability of good habitat and an abundant 
food supply from trucks spilling grain onto the road. 
Owls hunting the overabundant rodents on the road at 
night were consequently being hit by vehicles and 
killed. A survey in the Free State Province identified a 


similar problem for the threatened African grass owl. 
South Africa produces greater than 10 million tons of 
maize and other grain annually, and trucks are critical 
for the distribution of these stocks. Primary agriculture 
provides about 7% of formal employment in South 
Africa and contributes about 3% to the country’s GDP, 
with the agro-industrial sector comprising about 12% 
of GDP (Statistics South Africa 2012). Mitigation of 
problems caused by grain spillage includes ongoing 
education of transport companies to cover their loads 
and installation of tighter seals on trucks (Ansara 2004). 


Figure 54.1 Spotted eagle owl roadkill, South Africa. Source: Photograph by W. Collinson. 
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Textbox 54.2 Reptiles and amphibians are vulnerable to road mortality in South Africa. 


With 480 species, southern Africa has the highest rep- 
tile diversity on the continent (Branch 1998). In 2009, 
13 surveys along a 30km stretch of the R523 road 
north of the western Soutpansberg, Limpopo 


Province (Fig. 54.2), revealed that reptiles comprised 
60% of kills, while mammals and birds made up only 
19 and 21%, respectively (G. Alexander, unpublished 


data). In this study, amphibians were excluded from 
surveys because the high number of kills and the dif- 
ficulty in identifying the much-damaged carcasses 
made quantification of amphibians impractical. Under 
the conservative assumption that reptiles are active 
for 4 months of the year, these measures translate to 
an annual mortality rate of 33 + 19 (s.d.) individuals per 
kilometre. Snakes made up the majority of reptile 


personal communication; C. Vernon, East London 
Museum, personal communication). 

While data are yet to be used in road planning, 
the Endangered Wildlife Trust formed the Wildlife 
and Transport Programme (WTP) in 2012 to address 
identified concerns. Related concerns included 
undertaking risk assessments; identifying, develop- 
ing and implementing relevant mitigation strategies; 
and raising the awareness of transportation and 
planning agencies. 


54.3 South Africa needs a standardised 
protocol to detect and record roadkill 


In 2013, South Africa’s first standardised protocol to 
quantify roadkill rates was developed (Collinson 
2013). A study reviewed methods used globally for 
the study of roadkill and incorporated them into 
the design of a standardised detection protocol 
(Table 54.1). The protocol guides users in collecting 
mortality data for multiple vertebrate species and 
was used to collect baseline estimates of roadkill in 
the Greater Mapungubwe Transfrontier Conserva- 
tion Area (GMTFCA), Limpopo Province (Fig. 54.2). 
Fabricated roadkill of two sizes, replicating a large 
bird (e.g. spurfowl) and a small rodent (e.g. bushveld 
gerbil) were used to assess detection rates by observ- 
ers travelling at different vehicle speeds. A 96% 
detection rate was achieved for the large simulated 
roadkill at speeds of 80 km h™!, but a lower detection 
rate was noted for the smaller simulated roadkill 


roadkill recorded (89+15%), with mortality rates 
higher than those reported in a similar study in Arizona, 
United States (Rosen & Lowe 1994). The impacts of 
roads and traffic on amphibians and reptiles in South 
Africa are potentially of great conservation concern. 

Roadkill may also have important demographic con- 
sequences (Steen et al. 2006). For example, male puff 
adders travel long distances during the mating season 
(March to May) and accordingly cross roads more 
often. At these times, males may encounter roads and 
be killed greater than 10 times more frequently than 
females (G.J. Alexander & B. Maritz 2011, unpublished 
data). Such differential mortality rates have the potential 
to skew sex ratios, leading to depressed reproductive 
output (Aresco & Gunzburger 2004). 


Table 54.1 Recommended protocols to maximise detection 
rates of vertebrates in South Africa. 


Trial Recommendation 
Speed 40-50 kmh-" 

Start time 1.5h after sunrise 
Stop time 1.5h before sunset 
Number of observers 1 

Observer skill level Trained 

Distance to be driven 100km 


Number of days to be sampled 40 


Source: Adapted from Collinson et al. (2014). 


(92%). This decreased slightly to 91% at 50kmh"! 
(but remained at 96% for the larger roadkill). 

This study also identified the biophysical, environ- 
mental and physical factors affecting roadkill rates. 
The study area was selected because it is home to a 
wide range of vertebrates, some of which are endan- 
gered (e.g. African wild dog and Pel’s fishing owl). It 
has a high species richness for reptiles (120 species; 
Branch 1998), birds (at least 429 species; Hockey 
et al. 2005) and mammals (about 100 species; Skinner 
& Chimimba 2005) and a low species richness for 
amphibians (about 12 species; Braack 2009). Traffic 
volumes are expected to increase in the near future 
with the recent development of a nearby coal mine 
and increased tourism. 

Over a 120-day period, 1121 roadkill carcasses were 
detected and 166 species identified. Birds were the 
most commonly detected species (52%), and mammals, 
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Figure 54.2 A map of South Africa showing the location of roadkill studies mentioned in this chapter: (1) Textbox 54.1, (2) 
Textbox 54.2 and (3) Lesson 54.3. Source: Map by and reproduced with permission from Armand Kok, Rhodes University. 


reptiles and amphibians comprised 26, 20 and 2%, 
respectively. Additional records indicated that five 
cheetahs were killed on roads adjacent to the GMTFCA 
between January 2006 and June 2009 (no compara- 
tive data available on road mortality rates for elsewhere 
in South Africa) and nine African wild dog road fatali- 
ties in a 3-month period in 2012. With only 450 


African wild dogs left in South Africa, roads may have 
serious impacts on this species (Chapter 38). 

An alternate method to survey roadkill (Guinard et 
al. 2012; Chapter 12) used slow driving combined with 
walking transects in order to subsample sections of 
road by monitoring carcass persistence and removal 
(both on and off the road). While likely to be more 
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time-consuming, resulting in shorter overall sampling 
distances being covered, foot surveys are likely more 
effective at detecting carcasses on verges that may have 
otherwise gone undetected. 

It is important that future research on roadkill be 
standardised to enable comparisons among studies 
(Chapter 10). Representative road stretches should 
be chosen in a study, and each stretch should have 
a set length to allow for easier analysis and later 
comparison. The conservation implications of this 
protocol are far-reaching because roads are impor- 
tant for economic development but also threaten 
biodiversity. 


(A) 


54.4 Fencing may be a successful 
mitigation measure in South Africa, but 
it can exacerbate fragmentation 


South Africa is a country with a ‘fence culture’ with 
hundreds of thousands of kilometres of game fencing 
(Fig. 54.3) dividing farms, national parks and other 
properties. While an effective method to reduce WVCs 
(Seiler 2005; Chapter 20), widespread use of game 
fencing increases habitat fragmentation (see also 
Chapter 38). Furthermore, many South African fences 
are electrified (Fig. 54.3B), and animals can be killed 
trying to move through or under the fences (Fig. 54.4). 


(B) 


Xaj 


Figure 54.3 (A) An example of a game fence and (B) and electric game fence in South Africa. Source: Photographs by W. Collinson. 


Figure 54.4 Rock monitor killed by an electric fence. The electric strands on the ground deter wildlife from crossing but allow 
vehicles to pass, reducing the need for a gate. Source: Photograph by W. Collinson. 
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There are currently no formal national guidelines per- 
taining to the design of electrified game fences in South 
Africa (Beck 2010). 

A study on the presence and absence of game fencing 
in the Eastern Cape, South Africa, showed that fewer 
roadkills were detected where there was full fencing on 
both sides of the road (Eloff & van Niekerk 2005). More 
roadkill were detected when there was partial fencing 
or when only one side of the road had a game fence, 
with 80% of roadkill detected when there was no fencing. 
In addition, where there was no fencing, there was 
often dense bush that ungulates could feed on, increas- 
ing the likelihood of WVC (Eloff & van Niekerk 2005). 
Furthermore, almost 40% of roadkills were detected near 
fence ends (Eloff & van Niekerk 2005, see also Chapter 20). 

More roadkills were detected in the GMTFCA in areas 
without electric or game fences (Collinson 2013), sug- 
gesting that the taller and more robust electric and 
game fences are more effective at preventing wildlife 
from accessing roads. However, fencing does not stop all 
animals from accessing a road. Many South African 
antelope can easily jump over 2.4m fences (Eloff & van 
Niekerk 2005) and other species dig under or push 
through fences, providing an opening for other animals 
(Beck 2010). 

‘To fence or not to fence?’ That is the question 
surrounding solutions to prevent WVCs in South 
Africa. Consideration needs to be given to whether a 
species is more at risk of becoming roadkill or whether 
fragmentation by fencing will increase population 
isolation. Many species with long-distance dispersal 
(e.g. African wild dog, Chapter 38) are currently 


managed as metapopulations within fenced nature 
reserves and would therefore benefit from more effec- 
tive fencing that prevents their dispersal and lowers the 
risk of WVC. The same is true for most African antelope 
that are often translocated among protected areas. 

However, many species hold ‘less value’ to landown- 
ers (e.g. African civet) and often do not form part of a 
reserve’s management programme. Other species have 
different values and uses, even as roadkill (Textbox 
54.3). The loss of an African civet will not impact a 
game farmer’s livelihood, whereas a roadkill kudu that 
can no longer be sold to a trophy hunter will reduce 
their income. Consequently, species such as the 
African civet may be affected by both population isola- 
tion through the presence of fences and WVCs in areas 
without effective fencing and therefore require a com- 
bination of wildlife crossing structures and fencing. 

When solving a ‘barrier versus roadkill’ problem, the 
solution is likely to vary among species, as there does 
not appear to be a ‘one-size-fits-all’ remedy. Decisions 
are likely to be based on the willingness of adjacent 
landowners to connect their properties and ultimately 
their wildlife. A combination of fencing and crossing 
structures could be an effective solution to barriers and 
roadkill in South Africa. However, until each landowner 
is prepared to engage in developing large conservan- 
cies, this solution is unlikely to take effect. Instead, we 
should examine alternatives and create crossing struc- 
tures for species of ‘lesser monetary value’ (and high- 
light their ecological value) that fall outside of reserve 
management programmes and still rely on natural dis- 
persal and movement, often across roads. 


Textbox 54.3 Some roadkill in South Africa is likely intentional, but there is little supporting data. 


Wildlife road mortality has a unique and valuable use 
in South Africa. In addition to natural scavenging by 
wildlife, carcasses may be removed from roads by 
humans for use as food, trophy and muti (traditional 
medicine/folklore). African traditional medicine makes 
use of various natural products, many derived from 
trees and other plants as well as animals, which is pre- 
scribed by a sangoma (a traditional healer). For exam- 
ple, a brown hyena roadkill was found in the northern 
Limpopo Province with the animal’s tail removed 
(Fig. 54.5; W. Collinson, unpublished data). Reports in 
Namibia show that hyena body parts are used for 
muti: if the tail is burnt and the smoke blown under 
doors, it is believed that people inside fall asleep, 
making it possible for burglars to steal property unde- 
tected. Other purposes for hyena body parts include 


medicine (e.g. treatment for asthma) and cosmetics 
(e.g. perfume) (Low 2008). It is likely that other wildlife 
species may have similar traditional uses and roadkill 
is an obvious source. 

Many western cultures frown upon the idea of con- 
suming roadkill carcasses, despite it being a potentially 
abundant source of protein (Klein 2011). In South Africa, 
scrub hare roadkill may be removed by people as a 
food source or for the treatment of earache. Muti com- 
prises knowledge systems that have developed over 
generations and are often culturally embedded beliefs 
that may be difficult to change. This challenges wildlife 
conservationists to be sensitive to these beliefs, as well 
as to address the 60% who live below the poverty line 
(Statistics South Africa 2012) and may not have ready 
access to meat. 
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Figure 54.5 Brown hyena roadkill with the tail removed. Source: Photograph by W. Collinson. 


CONCLUSIONS 


There is a lack of information about the effects of roads 
on wildlife in South Africa and consequently little mitiga- 
tion of these impacts. South Africa is fundamentally dif- 
ferent to Europe and North America in its faunal diversity, 
landscapes and geography, density of roads and humans, 
and funding and support for road ecology research and 
mitigation. However, the information and lessons learned 
in developed countries can be implemented and adapted 
in order to develop unique African solutions. 

A balance between the need for an efficient trans- 
port network and a sustainable environment is a chal- 
lenge facing most developing nations (Chapters 36-38, 
41, 43 and 50-58). This commitment will require 
financial resources and a legislative framework to sup- 
port the implementation of mitigation measures. 

The current review of the IUCN (2012) Red List 
(Mammals of South Africa) by the Endangered Wildlife 
Trust is an opportunity to summarise the threat of 
roads to one group of taxa as well as raise awareness. 
As a logical starting point, such information will be 
used to develop guidelines for environmental impact 
assessments and produce a handbook on mitigation 
measures for reducing the incidence of roadkill. Over 
time, similar reviews will be conducted for birds, 
amphibians and reptiles. An advocacy programme 
will then be established to ensure that mitigation 
measures are mainstreamed and that the environ- 


mental sustainability of transport is adequately con- 
sidered in the early stages of development. 
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FURTHER READING 


Collinson (2013): An outline of the standardised protocol (as 
currently being implemented in South Africa) to examine 
roadkill rates. 

Endangered Wildlife Trust (EWT) website: Insights into the 
current initiatives and work being conducted by the EWT’s 
Wildlife and Transport Programme (https://www.ewt.org. 
za/WTP/wtp.html and blog http://endan-geredwildlife 
trust.wordpress.com/). 

EWT et al. (2012): Minutes of two international road ecology 
workshops coordinated by EWT in South Africa in 2012, 
which outline a 5-year action plan to be undertaken by the 
EWT, including a national network to raise awareness, 
quantify road impacts through a range of techniques and 
develop best-practice guidelines. 

Guinard et al. (2012): An alternate method to assess roadkill 
that examines detection rates by taking into account car- 
cass persistence and removal rates. 
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SUMMARY 


Roads in East Africa present unique challenges to wildlife conservation because reserves are largely unfenced 
and biodiversity is high. Few roads in the region carry high-speed, high-volume traffic, but this is changing 
rapidly. This chapter reviews existing research on the impact of roads on East African wildlife, research needs 
and mitigation strategies. 

55.1 Road type and protected area status affect the direct impacts of roads and traffic on wildlife in East Africa. 
55.2 Indirect impacts of East African roads may be even more important than the direct impacts. 

55.3 Documenting remaining movements and migrations in these rapidly changing landscapes is critical. 
55.4 Mitigation of road impacts on East African wildlife has mostly relied on low-cost approaches. 
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55.5 New highway construction should avoid protected areas and requires timely conservation action. 
55.6 Early outreach to planners, designers and funders of East African road projects is needed. 

We recommend avoiding construction of high-speed roads through protected areas in East Africa. 
Outside of protected areas, identifying remaining wildlife movement pathways across current or pro- 
posed high-speed roads is a critical and time-sensitive research need. Because relatively few roads have 
been expanded and paved for high-speed traffic, engaging with road planners early during the proposed 
expansion of such roads could allow more cost-efficient design modifications to facilitate safe movement 


of wildlife across roads. 


INTRODUCTION 


As human populations have rapidly increased, Fast 
Africa has seen tremendous changes in land use and 
patterns of human settlement. East African nations 
(here, defined as the member states of the East African 
Community (EAC): Tanzania, Kenya, Uganda, Rwanda 
and Burundi) have some of the highest human popu- 
lation growth rates in the world. Although paved 
roads in Africa have a lower impact on poverty reduc- 
tion than expected (Gachassin et al. 2009), road infra- 
structure is often considered a key to socio-economic 
development, and there is continual pressure to enlarge 
and improve existing roads and highways under 
the East African Road Network Project (EARNP). As 
seen worldwide, roads have direct and indirect negative 


(A) 


effects on species and ecosystems. Given the importance 
of wildlife to economies of countries in the EAC (e.g. 
Kweka et al. 2001), road development will likely have 
negative economic impacts as well. 

Despite commonalities with other regions, road 
ecology in East Africa has unique aspects. Most impor- 
tantly, unlike much of southern Africa (Chapter 54) 
and Europe, East African reserves are often unfenced; 
thus, animals cross roads in larger numbers and 
more regularly than in many other parts of the world 
(Fig. 55.1). Conservation planning in this region is 
also complicated because East Africa has a heterogene- 
ous environment, with habitats including savannah, 
woodland, plains, swamps, mountains, semi-desert and 
wet tropical forests. Vertebrate biodiversity, particularly 
of large mammals, is extremely high (Chapter 56). 


(B) 


Figure 55.1 Impala (A) and elephants (B) crossing the Mikumi Highway. Where there is road infrastructure, wildlife species 
may adopt a siege or skirmish strategy (Blake et al. 2008). Siege strategists (e.g. elephants) reduce home range size and restrict 
movements in order to avoid roads. Skirmish strategists (likely including impala) continue to range widely, crossing roads despite 


risk of mortality. Source: Photographs by K. Nowak. 
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Many of the larger mammals pose potential risk to 
humans, either directly or in wildlife-vehicle collisions 
(WVC), and human-—wildlife conflict (i.e. interaction 
resulting in negative effects on people, wildlife species 
or the environment) along roads is common (e.g. Sitati 
et al. 2003). Finally, East African roads are compara- 
tively undeveloped. For instance, the two largest nations 
in the region, Tanzania and Kenya, have approximately 
86,000km (TANROADS 2012) and 63,000km (KRB 
2012), respectively, of officially recognised roads, but 
most of those are unpaved and not suitable for high- 
speed traffic. However, many new road-building or 
existing road improvement projects have recently been 
initiated. For example, in Tanzania, extensive roadway 
development is planned, including increasing the den- 
sity of all paved roads from 6.86km/1000km? as of 
2009 to 9.98km/1000km2 by 2015 and increasing 
the percentage of paved roads from 39% as of 2009 to 
45% by 2015. Similar levels of expansion are planned 
for elsewhere in the EAC (2011). 

In this chapter, we review the direct and indirect 
effects of roads on wildlife, identify research needs and 
discuss key aspects of studying and mitigating ecologi- 
cal impacts of roads in East Africa. 


LESSONS 


55.1 Road type and protected area status 
affect the direct impacts of roads and traffic 
on wildlife in East Africa 


Relatively few studies have addressed the direct impacts 
of roads on wildlife and ecosystems in East Africa; 
although, studies elsewhere in Africa (Chapter 54) or 
those involving wide-ranging or edge species may be 
informative. Most research has focused on large mam- 
mals, particularly elephants and primates. Direct 
impacts of roads on wildlife mortality and movement 
have been shown to vary widely with road type, loca- 
tion and species. Most roads in East Africa are currently 
unpaved, have low-speed traffic and have few vehicle 
strikes of larger mammals; however, paved, high-speed 
and high-traffic roads have a much greater impact on 
species, especially wide-ranging carnivores such as wild 
dogs (Woodroffe & Ginsberg 1997; Chapter 38). Some 
of the best documentation of how high-speed paved 
highways affect local movements and mortality of East 
African wildlife has occurred in Mikumi National Park, 
Tanzania (Fig. 55.2), which is bisected by the Tanzania— 
Zambia Highway. Since the 1970s, thousands of road 
mortalities of dozens of species of mammals, birds and 


reptiles have been recorded in Mikumi (Drews 1995; 
Rugaimukamu 2009). 

Many wildlife species avoid roads, including elephants 
(Blake et al. 2008) and chimpanzees (Olupot & Sheil 
2011; Hicks et al. 2012). In Mikumi National Park, 
Newmark et al. (1996) documented avoidance of the 
highway by elephants (Fig. 55.1B), four species of 
ungulates and black-backed jackals. In Central Africa, 
nocturnal animals occurred at lower densities in areas 
near roads even where hunting was not implicated 
(Laurance et al. 2008). However, some species may be 
attracted to roads. Yellow baboons pick up garbage 
thrown from passing vehicles on the Tanzania—Zambia 
Highway between Mikumi National Park and Iringa 
and feed on rice that falls off passing vehicles in the 
Kilombero Valley (Fig. 55.2; Gupfinger 2012). Baboons 
and other opportunistic species may therefore be dis- 
proportionately affected by roadkill (Drews 1995). 

Road location is also important. Outside of pro- 
tected areas, mortality has mostly been documented 
for small nocturnal carnivores, monkeys, reptiles, 
amphibians and invertebrates (Kamau et al. 2010; 
Senzota 2012). High-speed roads within or near pro- 
tected areas are likely to have the greatest impact on 
large mammals and primates (e.g. Drews 1995; Holdo 
et al. 2011), such as the endangered Zanzibar red 
colobus monkey moving between protected forest and 
farms (Fig. 55.2). Protected areas often have exten- 
sive road networks because tourists viewing wildlife 
are largely restricted to vehicles. However, animals 
may not be greatly affected by roads utilised for tour- 
ism inside protected areas because commercial traffic 
is minimal or absent, night driving is often restricted, 
and vehicle speeds are low. Elephants in Congo rou- 
tinely cross roads located in protected areas; else- 
where, they avoid villages and increase speed when 
crossing (Blake et al. 2008). 

Even greater consequences for species may occur if 
roads affect long-distance movements, dispersal or 
seasonal migration (Chapter 56). Elephants still appear 
to make long-distance movements across south- 
central Tanzania between the Ruaha, Udzungwa and 
Selous—Mikumi ecosystems but apparently cross 
the paved Tanzania—Zambia Highway in only one or 
two locations (Jones et al. 2009; Epps et al. 2011. 
Development associated with the highway in that 
location could sever the only known route for dispersal 
and gene flow across this large region. The famous 
migration of wildebeest and other species in the 
Serengeti could be threatened by construction of anew 
highway there (Chapter 56; Dobson et al. 2010; Holdo 
et al. 2011). 
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Figure 55.2 Road ecology study sites in Kenya and Tanzania. (A) dead African rock python on the recently re-paved 
Mikumi-Iringa Highway; (B) baboon on the highway which bisects Mikumi NP; (C) colobus crossing sign alongside speed 
bumps in Jozani, Zanzibar; (D) baboons feeding on rice on the unpaved road next to Udzungwa Mts. NP, Kilombero Valley (there 
are plans underway to pave this road up to Ifakara). Existing roads (red) are from the Africover database; protected areas (green) 
are from the Protected Planet database. Source: Map and photographs (A, B, C) by K. Nowak; (D) Photograph by and reproduced 


with permission of Christina Gupfinger. 


55.2 Indirect impacts of East African roads 
may be even more important than the direct 
impacts 


Asin many developing countries, the effects of increased 
human access following road construction or improve- 
ment may be highly significant (Chapters 2, 3 and 51). 
After road construction, human settlement rates 
typically increase, and roads facilitate extraction of 
bushmeat, charcoal, timber and other resources 
(Laurance et al. 2006; Brugiere & Magassouba 2009) 
by people from both local and outside communities. 
Human-wildlife conflict increases along roads: for exam- 
ple, in Kenya, elephant poaching (Maingi et al. 2012), 
wildlife snaring (Wato et al. 2006) and instances of 
elephants injuring people (Sitati et al. 2003) are more 
common along roads. 


55.3 Documenting remaining movements 
and migrations in these rapidly changing 
landscapes is critical 


Much remains to be done to document how roads 
affect East African ecosystems and develop suitable 
mitigation measures. Given the rapid pace of recent 
landscape change in East Africa, it is most critical to 
document and protect remaining movement corridors 
and migration routes. Conservation planning in the 
region is complicated by the diversity of wildlife species 
with different dispersal abilities and habitat require- 
ments. Even for well-studied species, long-distance 
movements are poorly understood in East Africa (Caro 
et al. 2009). High-tech methods such as radio, satellite, 
or cell phone-based telemetry or population genetics 
(e.g. Epps et al. 2013; Chapter 14) are providing new 
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insights on movements of large animals but are 
expensive. Low-tech methods such as interviewing 
local people (perhaps the only way to identify past 
migration or movement routes), tracking, visual 
counts, roadkill documentation and remote cameras 
have been used to describe road crossings, habitat use 
and landscape connectivity over larger scales (Caro 
et al. 2009; Jones et al. 2009; Epps et al. 2011). Such 
methods can be rapidly implemented on proposed road 
projects. Likely, future road projects should be identi- 
fied early using analyses of settlement patterns and 
gaps in the existing transportation network; such 
analyses could be used to guide low-cost studies. 


55.4 Mitigation of road impacts on East 
African wildlife has mostly relied on 
low-cost approaches 


Current practices to limit WVC and roadkill on paved 
highways in East Africa have mostly been limited to 
low-cost options such as signage, reduced speed limits 
and speed bumps to slow drivers in key locations (e.g. 
Mikumi National Park). Because of lack of enforce- 
ment in rural areas, physical barriers such as speed 
bumps are probably most effective, but do not eliminate 
roadkill (e.g. Rugaimukamu 2009). There are only 
two known instances of wildlife crossing structures 
installed in East Africa: the underpass recently con- 
structed to allow elephant movements between Ngare 
Ndare Forest Reserve and Mt. Kenya National Park 
(Chapter 43) and ‘colobridges’ for black-and-white 
colobus monkeys to cross safely above the busy Diani 
Beach road in Kenya (Chapter 41). Near Jozani- 
Chwaka Bay National Park, Zanzibar (Fig. 55.2), colo- 
bridges for Zanzibar red colobus were tested but failed 
because that population prefers terrestrial movement. 
Subsequently, speed bumps were installed that have 
reduced colobus deaths by greater than 80% (Tom 
Struhsaker, personal communication, 2012). 


55.5 New highway construction should 
avoid protected areas and requires timely 
conservation action 


New highway construction projects can affect connectiv- 
ity of wildlife populations that are already threatened 
(Dobson et al. 2010; Chapter 56). However, the relatively 
undeveloped state of many East African roads provides 
opportunities to design wildlife-friendly crossings that 
can be implemented most cost-efficiently at the time of 


construction and to influence future road-siting deci- 
sions. Input from countries with a long history of road 
ecology research and mitigation will be required to make 
this process cost-efficient and effective. Given that wildlife 
corridors are a national priority in Tanzania, we recom- 
mend (i) avoiding or minimising construction of roads 
across major migration routes or through protected 
areas; (ii) mitigating by attempting to make existing and 
new road corridors permeable for the movement of wild- 
life, particularly in key locations for connectivity; and (iii) 
establishing a road ecology unit to coordinate efforts 
between the Ministries of Transport and the Ministries of 
Natural Resources and Tourism. Even where purpose- 
built wildlife crossing structures are too costly, bridges 
and large culverts for drainage may suffice if the 
approaches and structures themselves are accessible and 
wildlife friendly (e.g. van der Hoeven et al. 2010; Senzota 
2012). The complex communities of large mammals 
(including large-scale migrations), ground-dwelling birds 
and other vertebrates could make designing appropriate 
crossings for all species challenging, but taxa-specific 
designs from elsewhere (see Chapter 59 for a list of best- 
practice guidelines) will provide excellent starting points. 
Best-practice guidelines for road design and mitigation 
for African ecosystems must be developed because all the 
negative effects of roads on wildlife cannot be elimi- 
nated (Chapter 59). Basic recommendations for una- 
voidable roads include avoiding construction of roads 
with steep embankments unless crossing structures 
are also installed. In African forests, van der Hoeven et al. 
(2010) recommended maintaining tree cover above 
and adjacent to forest roads to facilitate crossing by for- 
est animals, but such cover may increase the risk of WVC 
if traffic is high speed. We reiterate that the identification 
and documentation of existing wildlife crossing points 
are critical to planning any aspect of future road con- 
struction. Important crossing points must be protected, 
such as the only known location where elephants move 
between Ruaha, Udzungwa and Mikumi National Parks 
in Tanzania (Epps et al. 2011; Fig. 55.2). Because so 
many roads are as yet unpaved, modifications to facili- 
tate wildlife crossings could be implemented relatively 
efficiently when roads are paved or enlarged. 


55.6 Early outreach to planners, 
designers and funders of East African 
road projects is needed 


Clearly, a primary planning need is to identify potential 
road projects early and communicate with funders 
(e.g. African Development Bank) and project leaders 
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about ways to minimise and mitigate ecological impacts 
of road projects, perhaps using a road zoning approach 
(Chapter 2; Laurance et al. 2014). In East Africa, this 
likely requires communication with national entities 
that approve and manage those projects (Ministries of 
Transport and Infrastructure), but also outside entities 
that provide funding for road projects (i.e. development 
banks). Where possible, outside funders should be con- 
vinced to require ecologically friendly road planning 
as a condition for funding, as has recently been put 
forth by the German government with regard to alter- 
natives to the Serengeti road (Chapter 56). If developed 
nations value Fast Africa’s wildlife, then they must 
consider the impact of aid money on wildlife. 


CONCLUSIONS 


In East Africa, high human population growth has led to 
rates of landscape change unprecedented in that region 
and increasing road development. As seen in other parts 
of the world, indirect effects of road construction such 
as increased rates of human settlement and access may 
have the biggest impact of all road impacts (Chapter 51). 
Wildlife is a key resource to many East African econo- 
mies, and conservation planning is complicated by high 
species diversity and heterogeneous environments. 
Where animals regularly cross roads, the large size of 
many Fast African species increases human safety 
concerns. Unlike southern Africa, most reserves in East 
Africa are unfenced, many species still occur outside of 
protected areas (Epps et al. 2011), and there are many 
seasonally migratory populations of wildlife. However, 
the concentration of large mammals and other species 
in protected areas means that avoiding construction of 
high-speed roads in or near protected areas is of para- 
mount importance (Blake et al. 2008). Given the rate of 
landscape change, documenting remaining corridors 
and migration routes for wildlife by any means is criti- 
cal, as is anticipating and planning where new road 
development may occur. Finally, conservation planners 
must communicate with government entities and exter- 
nal donors early in the planning phases so that new 
roads avoid, minimise and mitigate ecological impacts. 
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FURTHER READING 


Caro et al. (2009): Describes an initiative to document known 
wildlife movement corridors across Tanzania, based on all 
available information ranging from anecdotal evidence to 
carefully designed research. The initiative involved many 
scientists and resulted in a report to the Tanzanian Wildlife 
Institute. 

EAC (2011): This web page describes planned changes to 
main travel corridors in the East Africa Community. 

Epps et al. (2011): Describes a recent assessment of the distri- 
bution and potential connectivity of many large mammal 
populations between three protected areas in central 
Tanzania. Thus, it depicts how the large and complex large 
mammal community in East Africa interacts with many 
types of land management, human activities and habitats. 

Laurance et al. (2006): This paper, although focused on 
Central Africa, details some of the indirect impacts of roads 
that can be expected in East Africa, particularly in forested 
areas. 

Newmark et al. (1996). One of the few attempts to directly 
assess the effects of major roads on protected areas. It 
describes the impact of a large high-speed paved highway 
that bisects one of Tanzania’s National Parks on the move- 
ment and distribution of several large mammal species. 
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EXPECTED EFFECTS OF 
A ROAD ACROSS THE 
SERENGETI 


Michelle E. Gadd 
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SUMMARY 


Every year, more than 1.5 million wildebeest, zebras and gazelles migrate between the Serengeti National 
Park in Tanzania and the Masai Mara National Reserve in Kenya and back. In early 2010, plans were 
announced to construct a commercial road across the Serengeti National Park, bisecting this migration 
route. In addition to the direct impact of the road and traffic on migratory wildlife, a road would also increase 
access to a previously remote area, making it highly susceptible to human activities that are difficult to 
regulate. This region of the Serengeti is also home to endangered species targeted by poachers, and increased 
public access would make protection of these imperilled species even more challenging. 

56.1 The Serengeti—Mara ecosystem is home to one of the last great mammal migrations on earth. 
56.2 The migration is essential to ecosystem health of the Serengeti. 

56.3 The direct and indirect effects of a commercial road would irreversibly damage the Serengeti. 
56.4 Increased public access will increase poaching in the Serengeti. 

56.5 Damage to the Serengeti would be impossible to mitigate or offset. 

The Serengeti—Mara ecosystem is one of the most productive ecosystems on earth and remains relatively 
intact. Constructing a highway across the Serengeti would result in a significant crash in the migrating 
populations of large wildlife due to illegal hunting, increased mortality due to wildlife vehicle collisions and 
barrier effects. Wildlife crossing structures are unlikely to be feasible or effective because of the large number 
of migrating animals and the chaotic nature of the migration. Whether the road is paved or unpaved is 
irrelevant- it will have a profound and far-reaching effect on this fragile and irreplaceable globally significant 
resource. 
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INTRODUCTION 


The Serengeti-Mara ecosystem is home to one of the 
last great mammal migrations on earth; twice each 
year, more than 1 million wildebeest and half a million 
zebras and gazelles make the 300 km trek between the 
Serengeti National Park in Tanzania and the Masai 
Mara National Reserve in Kenya. Serengeti is one of 
the most spectacular and economically valuable desti- 
nations in Africa, and the migration is the primary 
attraction. More than 1 million tourists visit Tanzania 
per year, primarily for photographic and wildlife safa- 
ris, generating more than $1.5 billion USD in revenue 
(Mtweve 2013). 

In early 2010, the president of Tanzania, Jakaya 
Mrisho Kikwete, announced plans to build a new east- 
west commercial road through the Serengeti National 
Park (Fig. 56.1A). A road on the same alignment had 
been rejected for unacceptable ecological impacts by 
the World Bank more than 20 years earlier yet contin- 
ues to resurface in Tanzanian politics. Although the 
proposed road is only 54km long within the protected 
area, it would serve as a link to Mwanza in the west and 
Arusha in the east, thus opening a new connection 
from Lake Victoria to the Tanzanian coast, and it can 
be expected to have significant commercial traffic. 
A commercial road already crosses southern Serengeti 
National Park and is not without environmental 
impact, but it is south of the core wildebeest dry season 
habitat and migration (Fig. 56.1B and C). By contrast, 
the proposed road would cross through the northern, 
most remote section of Serengeti, bisecting the north- 
south migration. 

The announcement provoked an outpouring of 
international concern, highlighting the catastrophic 
impact such a road would have on wildlife, ecosystem 
health and tourism revenue in Tanzania and Kenya. 
Even proponents of infrastructure development ques- 
tioned the purpose of such a road, as the government 
of Tanzania has not provided a credible explanation of 
the anticipated benefits of this costly undertaking. 
Concerned citizens, scientists, economists, diplomats 
and infrastructure development agencies acknowl- 
edged that people residing to the west and to the east of 
the Serengeti National Park need improved connectiv- 
ity to other towns and cities in Tanzania but were uni- 
fied in questioning the rationale behind building a road 
through such a fragile and valuable wilderness area 
when alternative routes outside the park would reach 
more settlements, serve more rural people and be less 
destructive (see Hopcraft et al. in press a for analysis of 
the socio-’economic and demographic advantages of 


alternative routes). In response to international 
pressure, Tanzania issued a statement at a UNESCO 
meeting in Paris in 2011 indicating that the road 
would not be paved and that the government would 
consider alternative routes south of the protected area 
boundaries. In 2014, the northern route has been 
marked with surveyors’ beacons. Some Tanzanian pol- 
iticians and government officials continue to insist that 
the road will be built through the park. Pressure from 
local residents for a road will continue until those iso- 
lated communities are adequately connected to urban 
hubs and receive adequate benefits from tourism. 


LESSONS 


56.1 The Serengeti-Mara ecosystem is 
home to one of the last great mammal 
migrations on earth 


Each year as the southern grasslands in the Serengeti 
National Park in Tanzania become drier, more than 1 
million wildebeest and half a million zebras and 
gazelles (Figs 56.2 and 56.3) leave their wet season 
range (Fig. 56.1B) and head north, in search of 
greener pastures in the Masai Mara (Fig. 56.1C), on 
the Kenyan side of the border. While the general 
location of the start and finish of the migration has 
remained the same for millennia, the pathway fol- 
lowed by the animals is unpredictable and dynamic. 
The ungulates track grass suitability, moving across a 
patchy mosaic, seeking the fresh green flush that 
arises after rain. Rainfall patterns, herd dynamics, 
predator presence, river levels and human disturbance 
are among the myriad of factors affecting which way 
the herds go and how much time they spend in a given 
area (Hopcraft 2012). 

Along the way, wildebeest males spar, trying to mate 
with and monopolise females on their way north (Estes 
1991). At times, the migration is an impressive stam- 
pede; at others, the herds mill about chaotically. The 
migration can have tremendous momentum but it can 
also be fickle. A splash or a snort can trigger mass panic 
(Fig. 56.3). Lines of wildebeest double back on them- 
selves, mindlessly going back the way they came, until 
for unknown reasons they realign and make another 
push forwards. 

When the great herds reach the higher rainfall areas 
in Kenya, they disperse across the Masai Mara National 
Reserve and surrounding grasslands, grazing for 
several months. When rain returns to the southern 
grasslands, the wildebeest, zebra and gazelles make the 


Expected effects of a road across the Serengeti 457 


A Legend 
—— Existing dirt roads 


E Proposed highway 
== International boundry 
Vegetation types 
Grassland 
MA Mixed savanna 
E Open woodland 
E Closed woodland 


0 50100 200 300 400 
kM 


(B) (C) 


Legend 


= International boundary 


Wildebeest distribution 
High density 
Low density 

Vegetation types 
Grassland 

/ Mixed savanna 

1) Open woodland 

WY) closed woodland 


Tanzania 


Figure 56.1 (A) The Greater Serengeti ecosystem on the border of Kenya and Tanzania, comprising numerous protected areas 
(delineated by black lines), the proposed commercial road (red line) and existing roads (brown lines). Distribution of wildebeest 
in the (B) wet and (C) dry seasons, respectively. Darker shadings represent higher densities of wildebeest in the landscape. 


Source: Reproduced with permission of J.G.C. Hopcraft. 
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trek back, reaching the Serengeti plains in time for the 
females to calve and repeat the cycle. 


56.2 The migration is essential to 
ecosystem health of the Serengeti 


The Serengeti-Mara ecosystem is a mosaic of grass- 
lands and wooded savannahs. Topography, geology, 
rainfall, herbivory and fire create and reinforce the 


6.3 Chaos of the migration. Source: Photograph by M.E. Gadd. 


boundaries between grass and woody plants. On the 
vast open plains, the sequence of rainfall, rapid grass 
growth, intense grazing by selective grazers (wilde- 
beest) and bulk grazers (zebra) and return of nutrients 
through defecation of extremely high densities of 
mammals (Dobson et al. 2010) has created one of the 
most fertile and productive ecosystems on earth in 
terms of mammal biomass production. The herbivores 
in turn support an incredible diversity and quantity of 
carnivores. 
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Suppressing the movement of the great herds 
would disrupt the system irreversibly. Constraining 
the seasonal movement of the megaherds would 
prevent them from following optimal pasture, con- 
suming and redistributing nutrients as they go. The 
feeding behaviour, social structure and ecological 
impact of migratory ungulates on the landscape are 
altered when they are forced to remain in one place. 
If they are forced to continually graze on the same 
area, rather than grazing on a patch and moving 
on, that area would become depleted and exhausted. 
Areas would become overgrazed and, without time 
to recover and replenish nutrients, would become 
less productive. Migratory ungulate populations 
collapse to low densities when forced to be seden- 
tary (Textbox 56.1; Gadd 2012; Harris et al. 2009); 
numbers of wildebeest in the Karoo, Kruger and 
Kalahari ecosystems decreased by 100% (i.e. local 
extinction), 88% and 99%, respectively, after their 
migrations were impeded and range was restricted 
(Table 56.1). 

Lower primary production would affect the whole 
food chain, resulting in lower secondary production 
(herbivore biomass) and the carnivores that feed 
upon them. Wildebeest and zebra numbers would 
eventually decline to the lowest density that could be 
supported at the leanest times of year. In the case of 
the Serengeti where positive feedback loops between 
grass growth, grazing and nutrient deposition have 
created an incredibly productive ecosystem (Hopcraft 
2012), the overall carrying capacity would plummet. 


Textbox 56.1 What do we know about 
susceptibility of migrations to infrastructure 
development? 


Worldwide, 24 ungulate species once migrated 
(Harris et al. 2009) and six of these no longer 
migrate anywhere. Africa was home to 14 of the 24 
migrations, and five are now entirely sedentary 
(springbok, black wildebeest, blesbok and scimitar 
horned oryx) or are extinct (quagga). In 2009, nine 
migratory species remained in six locations in 
Africa, but wildlife populations were stable or 
increasing in only two of these six locations (Boma- 
Jonglei in South Sudan and Serengeti-Mara 
Ecosystem in Tanzania and Kenya), while the other 
four (Tarangire in Tanzania, Liuwa in Zambia and 
Angola, Chobe in Botswana and Kalahari in 
Botswana) were in decline. Two factors were 
common in driving the disappearance of these 
migrations: (i) death of a significant number of 
individuals and (ii) restricted movement or res- 
tricted access to water or grazing areas (see 
also Chapter 42). Transportation infrastructure was 
a causal factor in the crash of four migrations: the 
pronghorn in North America and Mongolian gazelle, 
saiga antelope and kulan in Eurasia (Harris et al. 
2009; Chapter 58). 


Serengeti’s primary tourist (and economic) draw, the 
migration, would disappear, and overall wildlife 
densities would decline. 


Table 56.1 Decline of migratory wildebeest populations across Africa. 


Locality Historic Population after Die-off (%) Causes 
population size movement impeded 

Karoo, South Africa 100,000 0 100.0 Fencing, overhunting, 
habitat conversion 

Etosha, Namibia 30,000 2,000 93.3 Fencing, disease 

Kruger, South Africa 6,000 750 87.5 Fencing, restricted 
habitat 

Kalahari, Botswana 262,000 260 99.9 Fencing, overhunting, 
competition with 
livestock 

Amboseli, Kenya Unknown Unknown Human settlement 

North Mara-Loita 100,000 25,000 75.0 Habitat conversion 

Plains, Kenya 
Tarangire, Tanzania 50,000 5,000 90.0 Habitat conversion, 


overhunting 


Primary sources cited in Estes (1991); Gadd (2012); Harris et al. (2009); Tambling & duToit (2005). 
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56.3 The direct and indirect effects of a 
commercial road would irreversibly 
damage the Serengeti 


The proposed road through Tanzania would cross one 
of the most remote, roadless wilderness areas left in the 
region (see also Chapter 3). Based on the pattern unfold- 
ing across Africa, one can anticipate the sequence of 
events expected to occur. Non-transparent awarding of 
road contracts, weak legislation regulating environ- 
mental impact and lack of oversight on construction 
sites elsewhere in Africa have led to the influx of poorly 
paid, poorly equipped construction crews, who make no 
effort to minimise the construction footprint (Fig. 56.4). 
Reports of foreign construction crews soliciting bush- 
meat (illegally hunted wild animals), ivory and rhino 
horn are widespread (northern Kenya, northern 
Republic of Congo, western Gabon; personal observa- 
tions). Wherever paths are cleared, an influx of vehi- 
cles, passengers, pedestrians, livestock and eventually 
settlements (even where settlement is not legally 
allowed; Chapters 2 and 51) soon follows. In the case of 
a wilderness area like the Serengeti, a road would open 
up previously inaccessible wilderness areas, bisect the 
pathway of the migration and allow uncontrolled 
ingress and egress of people. 

This route is likely to be used by heavy freight haul- 
ers looking to shorten their commute from the Congo 
Basin to the Indian Ocean travelling at high speeds, not 
by tourists on a relaxing game drive. If the road is con- 
structed, numerous wildlife-vehicle collisions (WVC) 


are anticipated based on high wildlife densities, vehicle 
speed, the naiveté of wildlife to vehicles and the innate 
‘need to move’ displayed via mass migrations. In addi- 
tion to the migrants, animals that disperse long dis- 
tances or require extremely large areas are likely to 
attempt to traverse the road and therefore be at risk of 
WVC. In this system, elephants and African wild dogs 
(Chapters 38, 43 and 55) (both critically endangered) 
are among the wide-ranging species likely to be 
affected. 

For species that are hunted from roads or actively 
avoid human activity, roads can fragment habitat and 
isolate sub-populations. Transect data from Central 
Africa demonstrated that elephant densities are lower 
near roads and are often absent from blocks nearest 
roads or settlements (Yackulic et al. 2011). Tracking 
data from 27 collared elephants revealed that 26 
of them avoided crossing roads in poorly protected 
areas, even when intact habitat was present on the 
other side. In 28.5 years of cumulative tracking, only 
one elephant crossed a public road while outside a pro- 
tected area, and it did so at the point furthest from any 
two settlements, indicating that the elephant may have 
searched for the area of lowest human activity to make 
the crossing (Blake et al. 2008). 

For rare species which require interbreeding, 
dispersal and recolonisation by conspecifics in the 
Masai Mara to remain viable (especially black 
rhinos, cheetah, lion and African wild dog), isola- 
tion into separate sub-populations would be 
detrimental. 


Figure 56.4 Footprint of construction crews building the road north of Isiolo in Kenya. Source: Photograph by M.E. Gadd. 
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Figure 56.5 Movement of wildlife and wildlife products out of wilderness areas, in this case dwarf crocodiles in the Republic 


of Congo. Source: Photograph by M.E. Gadd. 


56.4 Increased public access will increase 
poaching in the Serengeti 


In Tanzania, poaching and bushmeat hunting of both 
common and rare species have reached unsustainable 
levels. Protected area personnel are losing the battle to 
protect wildlife and to prevent the flow of wildlife 
contraband onto the international black market; pub- 
lic roads into wilderness areas will make their jobs even 
tougher (Fig. 56.5). 

Poaching of common game for meat is prevalent in 
the Serengeti ecosystem. Estimates range from 60,000 
wildebeest (Mduma et al. 1998 in Loibooki et al. 2002) 
to 160,000 large mammals (Hofer et al. 1996 in Hofer 
et al. 2000) killed illegally each year. The meat is 
consumed locally and traded commercially as far 
away as the Democratic Republic of Congo. Bushmeat 
poaching is usually conducted within walking distance 
of the nearest road or settlement (Hofer et al. 2000). 

Although it is illegal to trade in elephant ivory or 
rhino horn, black market prices have soared to record 
highs, putting tremendous poaching pressure on ele- 
phants and rhinos. Tanzania was previously home to 
the second largest elephant population in Africa but in 
2009-2011 was the largest exporter of illegal ivory in 
the world (Burnett 2012). By its own estimates, 
Tanzania is losing 30-60 elephants per day to poachers, 
or 10,000 elephants per year (Member of Parliament 


James Lembeli, quoted by Burnett 2012). Nearly half 
of the country’s surviving elephants have been killed 
in the 5 years to 2013. Eastern black rhinos in the 
Serengeti—Mara ecosystem have dwindled from approx- 
imately 450 to fewer than 100 (Metzger et al. 2007). 


56.5 Damage to the Serengeti would be 
impossible to mitigate or offset 


The government of Tanzania and the team contracted 
to write the Environmental and Social Impact 
Assessment (ESIA) assert that speed bumps or sea- 
sonal/night-time road closures would be sufficient 
to mitigate the impact of a commercial road 
(Intercontinental Consultants and Technocrats Pvt. 
Ltd. (India) for the United Republic of Tanzania 
Ministry of Infrastructure Development Tanzania 
National Roads Agency (TANROADS) 2010). The miti- 
gation efforts described in the ESIA include the follow- 
ing: (i) avoid bisection of habitats; (ii) establish and 
implement procedures (by laws) to limit speeding; and 
(iti) conduct seminars on road safety for communities, 
but the total budget for these activities was less than 
US$2000. No methods have been described, and no 
budget has been allocated to identify, designate and 
preserve critical wildlife movement pathways through 
research, baseline data collection or road design 
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sensitive to the species’ habits. The design does not 
include any wildlife crossing structures. 

The only proposed intervention with regard to WVC 
was to instal speed signs, which are largely ineffective 
(Chapter 24). The ESIA notes that Mikumi National 
Park in Tanzania, a small park with a fraction of 
Serengeti’s wildlife density, had an average of three 
mammal roadkills per day many years after road con- 
struction there. In Serengeti, with much higher wildlife 
densities and more migratory animals, we should 
expect this number to be significantly higher, particu- 
larly in the initial years when the area is still wildlife 
rich. No mention was made of fencing or barriers that 
are normally used to prevent WVC and that undoubt- 
edly will be called for in future years (see Textbox 56.2 
on the impact of such barriers). 

The government tried to deflect criticism by saying 
the road would be unpaved, but gravel is not necessar- 
ily better for wildlife. Vehicle speed, traffic volume and 


Textbox 56.2 Roads are semipermeable 
barriers to African wildlife. 


There is increasing evidence that roads act as bar- 
riers to wildlife movement in Africa: animals fail to 
cross roads because they avoid roads (Blake et al. 
2008) or are heavily hunted near roads or due to 
WVC (Chapter 55). While there are few longitudinal 
studies of road effects on wildlife in Africa, other 
manmade structures provide insight into how bar- 
riers like roads, settlements and fences affect wild- 
life. Thousands of kilometres of fences have been 
built across southern Africa since the 1900s for 
livestock management (see also Chapter 54). The 
ecological cost of these fences is often overlooked, 
but the evidence from 34 reports amounts to sig- 
nificant ongoing damage ranging from wildlife mor- 
tality to the disappearance of entire migrations 
(Gadd 2012). Fences disrupt daily and seasonal 
movements and may lead to death by starvation, 
dehydration or entanglement (e.g. Fig. 58.2). There is 
also evidence that fences influence hunting strate- 
gies and success by African wild dogs (Chapter 38). 
Fencing can divide populations, prevent recoloni- 
sation and render sub-populations prone to the 
increased risks of extinction faced by small popu- 
lations. Large-bodied, migratory ungulates and 
elephants have been the most severely affected 
(Gadd 2012). In at least seven locations in East and 
southern Africa, wildebeest populations crashed to 
a fraction of their previous size after their move- 
ment was impeded (Table 56.1). 


animal densities are better predictors of WVC than 
whether the road is paved or unpaved. Furthermore, 
the ESIA authors calculated minimum initial volume 
to be 300 vehicles per day based on data collected on 
an isolated road west of Serengeti in 1999 when the 
local human population was a fraction of its current 
size and determined that this is ‘more than two times 
the commonly adopted upper limit for gravel roads in 
Tanzania. Therefore gravel pavement for this section is 
not appropriate’. 

Other well-meaning suggestions include speed limits, 
temporary road closures, overpasses, underpasses and a 
54km elevated span. However, all of these mitigation 
suggestions are fundamentally flawed. Speed controls 
are rarely heeded in Africa. Closures are unlikely to be 
implemented because industry with financial interests 
in a speedy route across Northern Tanzania would likely 
push for unlimited access later and closures would be 
unpopular. The migration moves throughout the day so 
night-time closures would be insufficient to preserve 
mass movement. Expensive overpasses, underpasses or 
suspended spans were not included in the proposed road 
budget, nor are they ecologically realistic. The various 
species in the Serengeti ecosystem have very different 
habits and behaviours that would require different 
crossing structures. Given the unpredictable direction 
and fluidity of the migration, it would be impossible to 
design (much less enforce) crossings that would success- 
fully convey 1.5 million unruly wildebeest and zebras 
from one side of the road to the other, twice per year. 
Elephants and rhinos, targeted for poaching, would 
require passages that cater to their aversion to traffic 
and avert bottlenecks or ambush sites for poachers. 

The impact assessment correctly states that if the 
road is built, ‘the ecosystem value of the Serengeti 
would be at stake’ and mentions the Serengeti’s unique 
tourism and natural heritage value. The consultants 
accurately concluded that ‘given the complex nature 
of the dynamics of the migration it is estimated that 
the replacement costs would far exceed the prevention 
costs’. The migration is irreplaceable — no amount of 
money would be able to recreate it. The ESIA does not 
calculate the economic value of the Serengeti, includ- 
ing the economic cost of loss in tourism if the road is 
built, World Heritage status is revoked, poaching 
increases, rhinos go extinct and wildebeest numbers 
decline. The report does not address the value of ‘road- 
less wilderness’ itself (Chapter 3). Tourists are drawn to 
the Serengeti as a wilderness destination. Having a 
road through the area will eliminate this wilderness 
appeal, and one must forecast a significant drop in 
tourism when this is lost. 
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The ESIA mentions alternative routes could be built 
outside the protected area, but does not assess costs or 
benefits or provide a comparison between the options. 
Not surprisingly, a route through inhabited areas south 
of the Serengeti would serve more people and connect 
more communities than a route through the uninhab- 
ited protected area (Hopcraft et al. in press b). 


CONCLUSIONS 


The Serengeti—Mara ecosystem is still relatively intact 
and has maintained its unique natural history and 
exceptional biological productivity. It is one of the most 
productive ecosystems on earth both in terms of bio- 
mass and income generated for a developing country. 
Opening a road in the pristine north would cause a sig- 
nificant crash in the migrating populations and further 
endanger rare species by making them even more sus- 
ceptible to illegal hunting, increased mortality due to 
WVC and loss of connectivity among individuals and 
interbreeding populations. 

Due to the chaotic and unpredictable nature of the 
migration and the varying needs of other species, cross- 
ing structures are unlikely to be feasible or effective. 
Other species will be threatened by proximity to a road: 
the extremely high poaching pressure on some species, 
particularly elephants and rhinos, makes them especially 
unlikely to survive near roads or human presence. 

Whether the road is paved or unpaved is irrelevant: 
opening a road through northern Serengeti would 
significantly disrupt the mass migration, depress pro- 
ductivity of the ecosystem and open up a wilderness 
area to illegal activities. As roadless wilderness becomes 
increasingly rare, this gem will become even more 
valuable for Tanzania and Kenya. 


FURTHER READING 


Berger (2004): Reviews similarities among terrestrial mam- 
mal populations that migrate, outlining the common 
causes of cessation of migration and population decline. 
Recommends applied actions that can be taken to retain 
long-distance migrations, using the Greater Yellowstone 
region and migratory elk, bison and pronghorn as an 
example. 

Harris et al. (2009): Meta-analysis of the state of migratory 
land mammals worldwide, highlighting the disappearance 
of the majority of the planet’s migrations and the outstand- 
ing threats to the remaining migrants. 

Hopcraft et al. (in press): A discussion of the ‘human’ factors 
that should be taken into account to measure the economic 


and social impacts and benefits of alternative routes in 
contrast to a route directly through the Serengeti National 
Park. 
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CHINA: BUILDING AND 
MANAGING A MASSIVE 
ROAD AND RAIL NETWORK 
AND PROTECTING OUR 
RICH BIODIVERSITY 


Yun Wang, Yaping Kong and Jiding Chen 


Research Centre for Environmental Protection and Transportation Safety, China Academy 
of Transportation Sciences, Ministry of Transport of the People’s Republic of China, 
Beijing, China 


SUMMARY 


China is experiencing rapid growth in its economy, human population and transportation network. 
Environmental protection (e.g. slope stabilisation, vegetation protection and establishment, storm water col- 
lection and treatment) during road construction has been a priority over the past few decades. More recently, 
China has begun to protect its biodiversity when planning, designing and constructing new roads and railway 
lines. However, China still lags behind many developed countries in some areas of road ecology. A concerted 
and sustained effort is required to achieve an ecologically sustainable transportation network for the future. 
57.1 The rate of growth in the Chinese road and railway network is rapid and will continue to be so into 
the foreseeable future. 

57.2 China has recently adopted road ecology principles and concepts to be used in future road projects. 

57.3 Wildlife-sensitive road designs based on recent road ecology research are being implemented on 
new roads in China. 

57.4 Further research and dissemination of findings is essential to improve the ecological sustainability 
of China’s roads. 

New roads are continuing to be built and existing roads widened across much of China to accommodate 
an increasingly mobile human population. To protect China’s unique biodiversity, we need to (i) better 
understand the impact of the road network on plants, animals and ecosystem processes; (ii) initiate and 
complete long-term studies of the effectiveness of mitigation measures on populations; and (iii) develop 
systems and processes to ensure experts from relevant disciplines are involved in the planning, design, 
construction, operation and evaluation of the road and rail network. 
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INTRODUCTION 


China has the largest human population density on 
Earth, who drive the most vehicles along an extensive 
road network that includes the second largest express- 
way network on the planet (MOT 2011). China’s 
economy is growing rapidly, and gross domestic prod- 
uct is expected to increase by approximately 7% annu- 
ally over the next few years, one of the highest in the 
world (MOT 2011). An important component of 
China’s growing economy is the construction of 
transportation infrastructure, including roads and 
railway. China covers almost 9,600,000km? and 
includes tropical and subtropical forest, coniferous 
forest, arctic and alpine habitats, deserts and grass- 
lands and savannah. An enormous diversity of spe- 
cies persists within these diverse habitats and 
wilderness areas, including numerous rare and 
threatened species. 

Chinese road agencies have traditionally focused on 
achieving high levels of environmental protection 
along its major roads. The protection and restoration 
of vegetation is a priority, and the recently completed 
Qinghai—Tibet Highway and Ring Changbai Mountain 
Scenic Highway projects exemplify this focus (Chen et 
al. 2004; Wang et al. 2013b). The impact of roads on 
water quality and hydrology has been extensively 
studied, and protective measures are routinely 
included during highway construction (Kong & Liu 
2013). Protecting landscape aesthetics and scenery 
has recently become a priority because of the rapid 
growth in China’s economy and standard of living. 
The China Academy of Transportation Sciences 
(CATS) carried out the development of the first provin- 
cial-level scenic highway network with the planning 
of the ‘Scenic Highway Network Development of 
Hainan Province Project’ in 2011. Nationally, scenic 
qualities and landscape aesthetics were important in 
the design of the China—Pakistan Karakoram Highway, 
the Jilin—Yanji Expressway and the Ring Changbai 
Mountain Highway (Lu et al. 2010). Protecting farm- 
land is also a very high priority in China, and road 
design focuses on reducing the land take for highways, 
thereby maximising the amount of land for agricul- 
ture (Tao et al. 2010). 

While environmental protection has dominated 
road planning and design in China for many years, it is 
only relatively recently (in the last decade or so) that 
ecological issues have even been considered. The chal- 
lenge for China in the years ahead is to identify the 
most cost-effective solutions from elsewhere and inte- 
grate these approaches into Chinese practice. The aims 


of this chapter are to highlight the rate of growth in 
China’s surface transportation network, summarise 
the key achievements in ecologically sensitive road 
design and prioritise areas for future research and pol- 
icy development. 


LESSONS 


57.1 The rate of growth in the Chinese 
road and railway network is rapid and 
will continue to be so into the 
foreseeable future 


The expansion of the road and rail network in China is 
a high priority to facilitate economic growth and 
improve the standard of living for its people. By the 
end of 2012, the total length of roads in China had 
reached 4.24 million km (from 3.73 million km in 
2008), including 96,200km of expressway (up from 
60,300km in 2008) (DOCP 2012). According to 
China’s latest transportation strategy (MOT 2011), the 
rapid expansion of its road and rail network is set to 
continue, reaching 4.5 million km of road and 
108,000 km of expressway by the end of 2015. 

In 2010, China had 91,000km of railway lines, 
which was expected to increase to 98,000 km by the end 
of 2012, making it the second longest network for a sin- 
gle country in the world (Zhu 2013). By 2015, the 
length of railway is expected to reach 120,000km 
(MOR 2011). 


57.2 China has recently adopted road 
ecology principles and concepts to be 
used in future road projects 


In 2002, the Chinese Ministry of Transport (MOT) 
incorporated road ecology principles and concepts 
into the first demonstration project, the Chuanzhusi 
to Jiuzhaigou Scenic Highway in Sichuan Province. 
This was the first scenic highway in China, and since 
then, numerous other projects have incorporated eco- 
logical aspects into their design. The importance of 
road ecology in China was further acknowledged 
when CATS undertook numerous road ecology 
research projects and implementation throughout 
China. The MOT continues to fund CATS to do research 
and provide input into the planning and design of 
roads and the evaluation of the use and effectiveness 
of mitigation measures. In 2008, the Forman (2003) 
classic Road Ecology: Science and Solutions was 
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translated into Chinese and published by Dr. Taian Li 
from Lanzhou University and Dr. Yun Wang from 
CATS. In 2009, CATS published their own version: 
Road Ecology in China (Mao et al. 2009; Forman et al. 
2011). International exposure of Chinese road ecol- 
ogy research is encouraged, and researchers from 
CATS regularly attend and present their research find- 
ings at the International Conference on Ecology and 
Transportation (Chapter 60). 
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57.3 Wildlife-sensitive road designs based 
on recent road ecology research are being 
implemented on new roads in China 


Road ecology research and mitigation began in China 
approximately 15 years ago and has primarily focused 
on quantifying the rates of roadkill, the barrier effect 
and the size of the road-effect zone at a number of 
locations across China (Fig. 57.1). The results of these 
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Figure 57.1 Locations of the seven road ecology research projects in China discussed in this chapter. Source: Yun Wang. 
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studies have shown that Chinese wildlife suffer similar 
effects to those in other countries. For example, mortal- 
ity of wildlife has been identified as a serious problem 
for amphibians where a highway dissects the Zoige wet- 
land (Gu et al. 2011) and for mammals, birds, amphib- 
jans and reptiles on the Ring Changbai Mountain 
Scenic Highway (Wang et al. 2013a). From August to 
October in 2007, five Przewalski’s wild horses (out of a 
population of 27) were killed by vehicles on roads 
through the Kalamaili Nature Reserve (Zhang et al. 
2008). Research has also demonstrated that many spe- 
cies appear to avoid highways or have lower population 
densities near to the highway. This avoidance zone 
appears to be evident for up to 5 km for the giant panda 
(F. Wang, Peking University, personal communication), 
1km for wild yak, 600m for kiang, 300m for Tibetan 
antelope, 200m for Tibetan gazelle (Lian et al. 2012) 
and just under 150m for black-necked crane (Wang 
et al. 2011). Roads have also affected the movement of 
wildlife, and the number of locations that Asian ele- 
phants are willing to cross the Simao to Xiaomengyang 
Expressway has decreased from 28 to 23 following its 
construction in 2006 (Pan et al. 2009). 

The Chinese MOT has built multipurpose crossing 
structures across new roads that typically allow for the 
movement of wildlife and water, local residents or 
domestic animals. These structures include open-span 
bridges, culverts and tunnels, and fencing that is 
always included along expressways to keep animals off 
the road and direct them towards crossing structures. 
A wide range of species use these structures (e.g. 
Table 57.1). The Asian elephant used multipurpose 


crossing structures (16 open-span bridges, 2 tunnels) 
along the Simao to Xiaomengyang Expressway cutting 
through Xishuangbanna Nature Reserve, and 44% of 
individuals that approached or entered the structures 
passed through (Pan et al. 2009). More than 10 species 
of wildlife crossed the Ring Changbai Mountain Scenic 
Highway, also using multi-use crossing structures 
(Textbox 57.1). Dedicated wildlife crossing structures 
on the Qinghai—Tibet Railway were regularly used by 
Tibetan antelope (Textbox 57.2). 


57.4 Further research and dissemination 
of findings is essential to improve the 
ecological sustainability of China’s roads 


In an effort to reduce its carbon footprint and protect 
the environment, the Chinese MOT issued a policy 
to accelerate the development of a ‘green’ and low- 
carbon transport system by 2020. Road ecology is 
recognised as a critical component of this strategy. 
Chinese road ecology research has mostly focused on 
small areas or single roads, which is out of step with 
the rate of growth of the overall network (Mao et al. 
2009). Long-term studies are needed to properly 
identify the ecological impacts of roads and traffic as 
well as to quantify the effectiveness of mitigation 
measures, vegetation succession and water quality. 
The right of way of roads in China is typically 
narrower than in other countries because of the 
imperative to protect valuable agricultural land to feed 
the growing human population. Consequently, the 


Table 57.1 Species observed using 84 culverts and 22 bridges under the Ring Changbai Mountain Scenic Highway, November 


2008-February 2013. 


Chinese species name 


English species name 


Conservation status in China? 


KI Sable 

Bae Yellow-throated marten 
TERS Hazel grouse 

ENIRE Common pheasant 
Esga Wild boar 

SF Siberian roe deer 

EU Siberian weasel 

HE Eurasian red squirrel 
KIR Manchurian hare 

{PEE Least weasel 


First class 
Second class 
Second class 


Source: List of beneficial or important terrestrial wildlife species in economy and science in China (http://baike.baidu. 


com/view/1496360.htm). 


aThe first class is the most endangered, the second class is the next most endangered, and * are threatened but also 
beneficial or important to the economy and/or science in China. 
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Textbox 57.1 Effectiveness of mitigation along the Ring Changbai Mountain Scenic Highway. 


The Ring Changbai Mountain Scenic Highway (85km 
in length) was constructed from 2007 to 2009, with 
extensive design input from wildlife ecologists to 
reduce the impact on biodiversity. Mitigation measures 
included 190 culverts and 25 extended bridges, to 
allow passage of wildlife, people and drainage. In 


2010, traffic volume was about 200 vehicles per day. 
Studies on the use of the mitigation structures by 
wildlife have shown a high diversity of species using 
84 of the culverts and 22 of the bridges, including 
some species listed as rare and endangered under 
Chinese legislation (Table 57.1 and Fig. 57.2). 


Figure 57.2 Tracks of Siberian weasel through a culvert under the Ring Changbai Mountain Scenic Highway. 


Source: Photograph by Yun Wang. 


quantification of the road-effect zone is critical in 
China, and multidisciplinary planning teams must 
cooperate to plan, design, construct and manage 
China’s road network. 


CONCLUSIONS 


The rate of expansion of the road and railway network 
in China will continue to be rapid until at least 2015 
and almost certainly for many years after that. Road 
ecology has recently become an important topic to the 
Chinese MOT, and future planning and research 
should focus on the improved design of multipurpose 
and dedicated wildlife crossing structures and fencing, 
the impacts of roads on endangered species and the 
development of national standards for the design of 


wildlife-friendly roads and cost-effective crossing 
structures. 
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Textbox 57.2 Tibetan antelope use crossing structures under the Qinghai-Tibet Railway. 


The Qinghai-Tibet Railway is 1142 km in length and 
is the highest elevation railway in the world, con- 
necting Qinghai to Tibet (Fig. 57.1). Constructed 
from 2001 to 2006, the railway line includes 7 at- 
grade crossings, 1 tunnel, 25 bridges (similar to the 
Hoh Xil bridge in Fig. 57.3) and many more smaller 
bridges, all purpose built for wildlife. Studies con- 


over time. Of animals that approached the train line, 
100% crossed underneath it in 2007, compared to 
only 60% during the construction phase in 2004. 
Furthermore, the animals that do use it have 
become accustomed to the noise and other distur- 
bances, and the length of time that individuals 
waited before passing through has gone from 1 to 2 


ducted from 2004 to 2007 have demonstrated that 
the migration of the Tibetan antelope has increased 


weeks in 2004 to several minutes in 2007 (Fig. 57.3; 
Li et al. 2008). 


Figure 57.3 Tibetan antelopes using the Hoh Xil wildlife crossing structure in August 2006, shortly after the railway 
was opened. Source: Reproduced with permission of Hongfeng Zhang, Northwest Institute of Endangered Zoological 
Species. 
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SUMMARY 


The temperate grasslands of Central Asia are habitat for a number of wide-ranging and endangered species 
such as Mongolian gazelle, saiga antelope, black-tailed gazelle and Asiatic wild ass. These species’ habitat 
covers hundreds of thousands of square kilometres of largely ecologically intact grassland. Unless carefully 
planned and managed, the development of railways, highways and fences will be the catalyst for population 
decline and loss of important wild natural resources. 

58.1 The temperate grasslands of Kazakhstan and Mongolia are the largest in the world and are 
critically important to the survival of Mongolian gazelle, Asiatic wild ass and saiga antelope. 

58.2 Kazakhstan and Mongolia are rapidly expanding their overland transportation network to support 
increased transcontinental trade and resource extraction. 

58.3 Railways, highways and fences prevent access to important seasonal resources for various species 
and cause the decline of wildlife populations. 

58.4 Future roads and railways must avoid further fragmentation, existing roads and railways should be 
modified to restore wildlife movements, and fences should be modified or removed to increase connectivity. 
58.5 GPS tracking of long-distance migratory species that identifies preferred movement paths and 
existing barriers to movement is essential to properly plan infrastructure projects. 
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Achieving a balance between healthy ecosystems and economic development is a significant and critical 
challenge for developing nations such as Kazakhstan and Mongolia. Experience from other regions has led to 
an established hierarchy of measures to meet this challenge — avoid, minimise, mitigate and offset. Kazakhstan 
and Mongolia should adopt these approaches now to ensure that the imminent massive expansion of their 
road and railway networks has a minimal effect on biodiversity and may even result in a positive effect. 


INTRODUCTION 


Kazakhstan and Mongolia are situated between China 
and Russia in Central Asia. With a traditionally rural 
way of life, Kazakhstan and Mongolia have embarked 
upon an economic transformation fuelled by the 
extraction of extensive and valuable fossil fuel (natural 
gas and oil) and mineral (copper, gold and coal) depos- 
its, respectively (Batsaikhan et al. 2014). Increased 
trade between Asia and Europe via overland routes will 
also benefit Mongolia and Kazakhstan because much 
trade will pass through them. Both countries are at 
crossroads in their development, and decisions and 
plans made today will influence the extent to which the 
future growth and expansion in Central Asia is ecologi- 
cally sustainable, even though some of this progress 
occurs at the cost of losing biodiversity. 


LESSONS 


58.1 The temperate grasslands of 
Kazakhstan and Mongolia are the largest in 
the world and are critically important to the 
survival of Mongolian gazelle, Asiatic wild 
ass and saiga antelope 


The finest examples of ecologically intact temperate 
grasslands in the world are found in west and central 
Kazakhstan and eastern Mongolia (Batsaikhan et al. 
2014). These grasslands are situated within a nearly 
7000km long band of arid rangelands and grasslands 
that stretch from the Hungarian plains to the eastern 
steppes of Mongolia. These grasslands are habitat for one 
of the largest populations of Mongolian gazelles in the 
world as well as other endangered and critically endan- 
gered wildlife, such as Asiatic wild ass, saiga antelope 
(Fig. 58.1), black-tailed gazelle and wild Bactrian camels 
(Mallon & Jiang 2009). These species require access to 
large parts of their range over the course of a single year 
and over their lifetime in order to survive and successfully 
raise offspring (Chapter 42). The availability and quality 


of forage within these grasslands are constantly chang- 
ing, and often unpredictably, due to drought, snow (e.g. 
Fig. 58.3), burning or occupation by herdsmen. The 
global population size of saiga antelope is approximately 
208,600, with 183,000 in Kazakhstan, 12,500 in 
Russia/Kalmykia, and 13,000 in Mongolia. As many as 
1 million Mongolian gazelles and up to 20,000 Asiatic 
wild ass survive within Mongolia (Reading et al. 2001; 
Olson et al. 2011). Together, these latter two species 
occupy an area greater than 800,000km?, approxi- 
mately 32 times the size of Serengeti National Park. 
While the total area is large, the region is subdivided into 
numerous smaller areas by roads, railways and fences 
(Lesson 58.3). 


58.2 Kazakhstan and Mongolia are rapidly 
expanding their overland transportation 
network to support increased 
transcontinental trade and 

resource extraction 


The Asian Highway Network consists of over 
141,000km of roads which link 32 countries in Asia 
as well as to Europe. This transport network has been 
in existence since 1959 to facilitate global trade and to 
meet the needs of emerging markets and national 
development goals. Administered by the United Nations 
Economic and Social Commission for Asia and the 
Pacific, the goal is to develop transport within the region 
using a network of standardised roads (UNESCAP 
2014). The Central Asia Regional Economic Cooperation 
(CAREC) programme, administered by the Asian 
Development Bank (ADB 2014), consists of six major 
rail routes that connect Asia and Europe. Five of the six 
corridors pass through Kazakhstan, and the sixth 
route passes through Mongolia. The CAREC partner- 
ship consists of 10 countries which aim to improve 
economic development and poverty reduction through 
cooperation on transport issues. 

As trade between Asia and Europe increases, the 
CAREC corridors and the Central Asian Highway 
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(A) 


(B) 


Figure 58.1 (A) Mongolian gazelles can be found throughout the gobi-steppe ecosystem of Mongolia and have been observed 
in herds of up to 250,000. (B) The Asiatic wild ass, or khulan in Mongolian, has lost more than 50% of its range in Mongolia in 
the past 70 years due to poaching and competition from grazing livestock. Source: (A) Photograph by and reproduced with 


permission of J. Kerby; and (B) Photograph by K. Olson. 


Network are gaining in importance. Less than 5% of 
the total volume of trade between Asia and Europe 
currently goes overland; the vast majority is sent by 
sea and a small fraction of time-sensitive products go 
by air. Road transport is faster than rail or sea, but 
more expensive. Rail transport is almost twice as fast 
as by sea, but also more expensive. Irrespective of 
price, air cargo will maintain its status as a special 
needs option. Improvements to transit times by road 
and rail will make overland transit more competitive 
against sea routes and increase the volume of traffic 
along the major routes. 

The government of Kazakhstan is eager to benefit 
from the revenue that is generated from increased 
traffic volume and is supporting more trade. This 
includes creating new routes, increased customs 


capacity, faster container transfer times between 
different gauge railways, improvements to existing 
roads and railways to handle more traffic and higher 
travel speeds. Kazakhstan hopes to increase the vol- 
ume of freight from its current 2.5 million containers 
per year (2013) to 7.5 million by 2020, necessitating 
extensive expansion of its current 8700 km of rail- 
ways. One example of this expansion is a newly 
constructed east-west railway to Europe from Asia 
via the Caspian Sea port of Aktau. This route allows 
trains to change tracks if one is congested and 
reduces the reliance on Russian transit routes. 
Mongolia has similarly ambitious plans to develop 
their road and rail network and plan to construct 
more than 6000km of paved roads by 2030 and 
add 5684km of railway in three phases (tied to 
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the development of mining projects). The private 
sector, primarily mining companies, is also promot- 
ing linear infrastructure projects that are specific 
to their needs, often independently of regional 
development goals. 


58.3 Railways, highways and fences 
prevent access to important seasonal 
resources for various species and cause 
the decline of wildlife populations 


The barrier effect of the existing transport corridors 
in Kazakhstan and Mongolia for wildlife will increase 
with increased traffic volume (Ito et al. 2013). For 
highly mobile species, a single barrier can have wide- 
reaching long-term consequences on their ability to 
persist in what is otherwise suitable habitat. Although 
they remain as the largest tracts of temperate grass- 
lands in the world, barrier effects exist from fences 
along national borders and railways, as well as high- 
traffic-volume transcontinental roads and railways 
(Ito et al. 2013). Saiga populations (with the excep- 
tion of within Mongolia) appear defined by railway 
corridors which have been in use for over a century 
and which have recently become major interconti- 
nental rail routes. Genetic differences can be detected 
in Asiatic wild ass populations that have been sepa- 
rated by a combination of natural landscape features 
and anthropogenic disturbance (Kaczensky et al. 
2011). In Kazakhstan, the addition of extra tracks 
along the existing railway through habitat of the 
Ustyurt and the Betpak-Dala populations of saiga 
antelope may be enough to cause local extinctions 
(Olson 2013). The fenced Trans-Mongolian Railway, 
which connects Ulan-Ude in Russia with Erenhot in 
China through Ulaanbaatar in Mongolia, prevents 
Asiatic wild asses from repopulating their former 
range in the east. This same barrier entangles 
many Mongolian gazelle each year (Fig. 58.2), and 
many more are denied access to important foraging 
resources. It would be more cost-effective to remove the 
fence and compensate herders for the occasional loss 
of livestock from a train collision than pay for its con- 
tinual maintenance. Fence removal would also have 
the added benefit of reducing gazelle mortality from 
fence entanglements and restore landscape-scale 
movement of wildlife. Train volumes are sufficiently 
low at present that wildlife mortality is unlikely to have 
a significant impact; however, this needs to be moni- 
tored, especially if train volumes increase (see also 
Chapter 26). 


58.4 Future roads and railways must avoid 
further fragmentation, existing roads and 
railways should be modified to restore 
wildlife movements, and fences should be 
modified or removed to increase connectivity 


As for elsewhere (Chapter 9), the planning and design 
of road and railway projects in Central Asia occurs 
years in advance of theirimplementation. Organisations 
in development assistance and international lenders 
have a responsibility to ensure that their actions do 
not degrade the environment and natural heritage of 
the regions that development projects aim to improve. 
Stakeholders interested in better environmental plan- 
ning must be involved throughout the planning and 
design stages so that planners and designers are 
informed of the related issues and appropriate mitiga- 
tion and budgets can reflect the additional costs. 
Implementing such a process would help to avoid costly 
redesigns of plans and retrofitting of mitigation meas- 
ures which are often resisted. Importantly, conserva- 
tion scientists and practitioners have an obligation to 
make their findings available in a timely manner to 
ensure they can be integrated into project planning 
and design. The international development commu- 
nity has a responsibility to ensure that projects do 
indeed lead to a better world by improving livelihoods 
and environmental standards. 

Minimising the barrier effect of existing railways 
and highways on saiga antelope in Kazakhstan might 
be achieved by limiting disturbance and human activ- 
ity within areas where saiga are known to occur or 
where potential for reconnecting two populations 
exists. Unfenced railways are passable except where 
embankments are high or steep (Fig. 58.3) — mitigation 
here may be as simple as decreasing the slope of the 
embankments to facilitate crossings. 

In places where the movements and distribution of 
wildlife have already been altered but the habitat 
remains in good condition, railways, highways and 
fences can be retrofitted or mitigated to improve habi- 
tat connectivity. There are long segments of the Trans- 
Mongolian Railway where there are no people; it is 
here that the fence can simply be removed to allow 
animals to cross at will. Where a fence is necessary for 
safety or to avoid wildlife—train collision, design changes 
can be incorporated to allow smaller animals, such as 
a gazelle, to crawl under the fence but prevent larger 
livestock (e.g. horses, camels and cows) from entering 
the tracks. Crossing structures for open plain ungu- 
lates along high-traffic roads and railways with fenc- 
ing that funnels wildlife without entangling them are 
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Figure 58.2 Many Mongolian gazelles become entangled and die in fences each year, in this case along the Trans-Mongolian 


Railway. Source: Photograph by K. Olson. 


Figure 58.3 High and steep road and railway embankments can be a barrier for movement of saiga. Source: Photograph by K. Olson. 


being developed with preliminary success. Overpasses 
are likely to be more effective than underpasses for 
ungulates of the vast open plains of Central Asia. 
Wildlife and cattle guards (Fig. 20.9) placed across 
fenced roads and railway tracks will discourage 


animals from accessing the roadway or railway when 
they cross at grade. However, in general, there is still 
much uncertainty surrounding effective mitigation 
for plain ungulates, and much more work is required 
(Chapter 56). 
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58.5 GPS tracking of long-distance 
migratory species that identifies preferred 
movement paths and existing barriers to 
movement is essential to properly plan 
infrastructure projects 


The vast expanses of Central Asia combined with the 
low density of humans and long-distance nomadic 
movements of many large ungulate species make the 
identification of movement patterns challenging. The 
use of GPS technology overcomes many of these issues 
(Chapter 11). It is important to collect data on animal 
movements within these arid grasslands over multiple 
years because the vegetation dynamics are highly vari- 
able and animal movements typically differ from year 
to year. Carefully designed research and monitoring 
programmes (Chapter 10) of animal movements are 
imperative to (i) avoid placing new infrastructure in 
important areas; (ii) identify locations on new or 
existing infrastructure where barriers or mortality 
occur that require mitigation; and (iii) evaluate the 
effectiveness of mitigation. GPS tracking of ungulate 
migrations has helped identify problem areas for 
mule deer and pronghorn antelope in North America 
(Sawyer et al. 2009; Cohn 2010) and zebra in Botswana 
(Bartlam-Brooks et al. 2013). This research and moni- 
toring should be integrated into road and rail projects 
and be supported through the overall funding package 
for the project. Similarly, the added costs of avoiding 
critically important habitats or movement corridors 
and mitigating the barrier and mortality effects along 
new and existing infrastructure through appropriately 
designed fencing and crossing structures should be a 
routine and accepted part of infrastructure develop- 
ment. This means that development banks, private 
companies and governments have a responsibility to 
ensure that the current and future transportation 
infrastructure in Central Asia enhances, rather than 
degrades, the survival prospects for large ungulates. 


CONCLUSIONS 


The people of Kazakhstan and Mongolia are rightly 
proud of their wild heritage, and development agencies 
would be wise to take this into account when planning 
and creating a more integrated and globalised econ- 
omy. Society is demanding that development models 
incorporate legitimate discussions and take necessary 
actions to ensure that the effects on ecosystems and 
biodiversity are minimised or even have a positive 
effect. Global trade patterns and demand for natural 


resources are driving many of the development projects 
and threats to conservation of wildlife in Kazakhstan 
and Mongolia, particularly animals that move long 
distances. Institutions whose goal is to promote devel- 
opment have an obligation to promote growth and 
development that do not represent a step backwards 
with respect to responsible ecosystem management and 
wildlife stewardship. 
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FURTHER READING 


ADB (2014): This website provides a continuously updated 
reference to development activities related to roads and 
railways in Central Asia. 

Olson (2013): An overview of the current threats to habitat 
connectivity for saiga antelope and options for minimising 
their effects. 
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BEST-PRACTICE 
GUIDELINES 
AND MANUALS 


Marguerite Trocmé 


Environmental Technology, Road Network Division, Swiss Federal Road Office, 
Bern, Switzerland 


SUMMARY 


Best-practice manuals in road ecology provide state-of-the-art information on how to avoid, minimise, mitigate 
and compensate for impacts of roads and traffic and other linear infrastructure on animals, plants and natural 
habitats. The first relevant guidelines appeared in the late 1960s and were comparatively simple documents, 
oriented at avoiding wildlife-vehicle collisions. Today’s manuals are more detailed (see Sections ‘References’ 
and Appendix 59.1) and reflect the diversity and complexity of the potential impacts and the range of possible 
mitigation measures. For maximum effect, best-practice guidelines and manuals should address or contain the 
following: 

59.1 Define the purpose of the guidelines and identify the audience. 

59.2 Guidelines should be practical, implementable and based on state-of-the-art knowledge. 

59.3 Describe the negative effects of roads and traffic on wildlife, ecosystems and human safety. 

59.4 Bring together a multidisciplinary team to write the guidelines and to test the feasibility of the 
proposed mitigation measures. 

59.5 Structure the manual to follow the typical stages of road projects. 

59.6 Describe the range of mitigation measures and identify the preferred option. 

59.7 Clearly identify mitigation measures that don’t work. 

59.8 Address transport infrastructure in the context of spatial planning. 

59.9 Describe monitoring techniques and schemes. 

59.10 Schedule a time frame for revising and updating the manual. 

Best-practice guidelines are critically important as a resource for people who plan, design and manage 
roads and other linear infrastructure. The preparation and updating of these documents should be seen as 
an opportunity for collaboration among a diversity of professions to improve the ecological sustainability of 
roads as well as develop a shared responsibility. 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 
Companion website: www.wiley.com\go\vanderree\roadecology 


479 


480 Handbook of road ecology 


INTRODUCTION 


The rapid growth of motorways and vehicle ownership 
in Europe and North America in the 1950s and 1960s 
brought about a significant increase in wildlife-vehicle 
collisions (WVC), typically with deer. This presented 
engineers with a new road safety issue, and in 1968, the 
first guidelines on wildlife fencing along motorways 
were written in Switzerland (VSS 1968). This set of 
guidelines provided species-specific information on 
fence design based on a concise overview of the 
fieldwork and collision-reduction tests of the time. In 
1969, Reed published his research on deer motorway 
crossings and on the effectiveness of illuminated signs 
in the United States (Reed 1969). Since then, numerous 
guidelines have been published, and their scope has 
evolved as the global understanding of the problems 
and solutions in road ecology has grown (see Sections 
‘References’ and Appendix 59.1). 

Guidelines began to focus on ecological issues and 
solutions in the 1980s when environmental impact 
assessments (EIAs) became common practice. These 
guidelines and manuals were typically written for 
ecologists and wildlife specialists who were contribut- 
ing to the EIAs (e.g. SETRA 1985; Ryser 1988; Carsignol 
2006). Although the guidelines contained detailed 
information on potential impacts and mitigation meas- 
ures, this information failed to reach the road planners 
and engineers, resulting in rare or poor implemen- 
tation of mitigation. A collaborative effort among 15 
countries, the European Handbook for Identifying Conflicts 
and Designing Solutions (Tuell et al. 2003), was the first 
attempt to gather and define best-practice data and 
methods at a continental scale. It set the standard for 
the current generation of guidelines that aim to reach 
beyond wildlife specialists to include transport policy- 
makers, planners and designers. The 2011 North 
American Wildlife Crossing Structure Handbook (Clevenger 
& Huijser 2011) goes a step further. It includes detailed 
‘hands-on’ information that describes field-data sam- 
pling techniques, habitat models to identify where wild- 
life need to cross roads and the principles underlying 
the design, number and spacing of wildlife crossing 
structures. Regional best-practice manuals have also 
been produced (e.g. QDTMR 2011), where the state of 
the art is adapted to local policy and conditions. 

Best-practice manuals currently address a broad 
array of impacts of roads and traffic on the environ- 
ment. State-of-the-art manuals should guide users 
through the entire planning process, from the selection 
of the road alignment to the evaluation of mitiga- 
tion effectiveness following construction. They should 


describe the most effective approaches to avoid, 
minimise, mitigate and compensate for impacts while 
seeking integrated solutions. These manuals should 
clearly describe the range of potential mitigation 
measures, including types of crossing structures, as 
well as solutions to other impacts (e.g. noise and light 
pollution). Guidelines can be very broad and cover a 
range of issues, or they can be very targeted and 
specific. For example, the Swiss Association of Road 
and Transportation Experts (VSS 2011) has written a 
series of guidelines, with each covering a specific 
issue such as planning, wildlife crossing structures 
and protective measures to avoid trapping small ani- 
mals on the road. Written by a team of wildlife special- 
ists and civil engineers, these guidelines use 
engineering terms and have extensive flow charts and 
decision trees to help guide the engineer towards the 
most appropriate mitigation strategy. Other specialised 
guidelines focus on habitat fragmentation issues (e.g. 
Andél et al. 2005) and reducing the rate and severity 
of WVC using animal detection systems and enhanced 
signs (Huijser et al. 2006). 

This chapter aims to highlight important steps and 
components when commissioning, writing, reviewing 
and updating best-practice guidelines and manuals. 


LESSONS 


59.1 Define the purpose of the guidelines 
and identify the audience 


Each guideline or manual has a different focus and 
target audience, and these should be carefully consid- 
ered and defined before the writing commences. Is the 
manual describing (i) approaches and methods to 
identify the ecological impacts of roads and traffic; 
(ii) the range of potential solutions; (iii) methods and 
approaches to evaluate mitigation success; or (iv) a 
combination of topics? What geographic region will 
the guidelines apply to? Will the manual present guide- 
lines to consider or will it specify minimum standards 
that must be met? Avoid trying to address all potential 
stakeholders in one manual as different audiences will 
likely require different information or the same infor- 
mation presented in different ways. Policy-makers may 
need higher-level strategic reports to enhance their 
awareness of certain issues, while road planners and 
designers need practical handbooks with detailed 
information. Text must be concise and drawings and 
photos should be used to highlight important design 
aspects. Decision flow charts can be helpful to guide 


users through the planning, design and construction 
process. Most manuals target a specific region, and the 
recommendations and guidelines must be adapted to 
suit particular species, legislation and environment. 

Consider whether the publication will be printed, 
made available online or both. Understanding the 
needs of the user group and where and how they 
access information will influence how the guidelines 
are published. 


59.2 Guidelines should be practical, 
implementable and based on 
state-of-the-art knowledge 


Guidelines and manuals in road ecology should be 
based on rigorous scientific studies or on a consensus 
among practitioners. Numerous best-practice manuals 
have been written for continents, countries and regions 
(see Sections ‘References’ and Appendix 59.1). These 
manuals are a good foundation to begin writing new 
or revising existing manuals, but the efficacy of all 
strategies should be reviewed before inclusion. There 
are often multiple solutions to a problem, and manuals 
should provide enough information to allow a cost- 
benefit analysis of the different possible solutions. 
Uncertainty and risks associated with particular 
strategies should be acknowledged so these can be 
incorporated into the cost-benefit analysis. 

Guidelines should aim to provide consistency across 
a region in adopting procedures but also to improve 
standard practice. A pragmatic approach should be 
favoured when describing and recommending pre- 
ferred strategies rather than overly ambitious goals 
that are difficult to achieve. 


59.3 Describe the negative effects of roads 
and traffic on wildlife, ecosystems and 
human safety 


The negative effects of roads and traffic are numerous 
and varied (Chapter 1), and best-practice manuals 
should give enough information for the target audi- 
ence (Lesson 59.1) to adequately identify and assess 
the potential impacts of proposed projects. In many 
situations, additional fieldwork will be necessary for a 
comprehensive EIA (Chapters 5 and 6), and guidelines 
are required to ensure these are completed to a satisfac- 
tory standard. Importantly, manuals should identify 
impacts and provide solutions for rare and endangered 
species as well as common and widespread species. 
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Manuals should clearly explain the importance of 
thorough surveys at different road planning stages, the 
seasonal nature of fieldwork and the potential need for 
multi-year surveys to detect long-term trends and 
account for year-to-year variation. 


59.4 Bring together a multidisciplinary 
team to write the guidelines and to test the 
feasibility of the proposed mitigation 
measures 


A multidisciplinary team should collaborate to write 
the guidelines, or, at the very least, review them, to 
ensure the content is understandable by the user group 
and feasible in the field and policy context. External 
review will help to identify solutions that are inconsist- 
ent with other goals, processes or strategies (Chapter 9). 
Use language appropriate to the target audience and 
promote ownership of the guidelines by inviting user 
groups to participate in the process. 


59.5 Structure the manual to follow the 
typical stages of road projects 


Most users of manuals do not ‘read’ the document from 
cover to cover, but will access information as and when 
they need it to solve a specific problem. Therefore, manu- 
als must be logical, concise and easy to follow. The use of 
standard formatting, indexes and tables of contents 
allows easy navigation around the document. 

Most road projects follow a broadly similar process 
that begins with planning and design and concludes 
with construction, maintenance and evaluation 
(Chapters 4 and 9). Manuals could be similarly struc- 
tured, or at the very least, each of these stages should 
be clearly identified, enabling different disciplines to 
readily identify the relevant sections. Where appropri- 
ate, manuals should commence with a discussion of 
the importance of taking a landscape-scale approach 
to planning (Lesson 59.8) and following the mitiga- 
tion hierarchy: avoiding, minimising, mitigating and 
offsetting impacts (Chapter 7). 


59.6 Describe the range of mitigation 
measures and identify the preferred option 


There are a wide range of strategies and measures to 
avoid, minimise, mitigate and offset the ecological 
impacts of transportation infrastructure. While all of 
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the possible solutions should be described, the optimal 
or preferred approach(es) should be clearly identified 
and justified. Manuals should include information on 
strategies and designs for new roads, as well as how to 
retrofit mitigation measures to existing roads or modify 
existing structures to be more wildlife friendly. 

The section of the manual that describes the mitiga- 
tion solutions will likely be the most read and scruti- 
nised. Be as practical and descriptive as possible and 
provide minimum standards or sizes for engineers to 
work from. Design sketches, final plans, photos and 
actual locations (to allow field visits) of installed miti- 
gation measures are useful, especially to convince 
senior managers that others have adopted this mitiga- 
tion before, thereby minimising the risk of failure. 
Where possible, use construction terms familiar to 
engineers and provide a detailed glossary for terms that 
may be uncommon. For example, do not assume that 
the reader understands the nuances of terms used to 
describe the type of crossing structures (Lesson 21.2). 
Identify potential unintended consequences of mitiga- 
tion measures, such as increased rates of mortality of 
birds if they collide with glass noise walls or small 
animals trapped on the road surface by guard rail or 
kerbing. Include a table which summarises and ranks 
the mitigation options for specific issues, species and 
habitats. Information on the pros and cons and indica- 
tive cost of each mitigation measure should also be 
provided to allow planners and designers to undertake 
their own cost-benefit analysis. 


59.7 Clearly identify mitigation measures 
that don’t work 


Ineffective mitigation measures should be declared as 
not meeting standards for best practice and therefore 
not recommended. It is also essential to note situations 
or conditions when otherwise effective strategies are 
ineffective or less effective. For example, numerous 
guidelines still promote the use of mitigation measures 
for which there is very little evidence of effectiveness, 
such as roadside reflectors, wildlife warning whistles 
and some types of signs (Chapters 24 and 25). 


59.8 Address transport infrastructure in 
the context of spatial planning 


New and improved roads encourage and facilitate 
development in adjacent areas, which, depending on 
the local context, may or may not be appropriate. In 


some situations, the indirect or secondary effects of the 
road may have greater impacts than the road itself 
(Chapters 2, 3, 51 and 56). Best-practice manuals 
must highlight the importance of landscape-scale 
planning and include indirect effects when assessing 
potential impacts (Chapter 5). 


59.9 Describe monitoring techniques and 
schemes 


The manual should explain the importance of thor- 
ough surveys at different stages of the road project and 
why the method and timing of the field surveys matter 
(Chapter 11). Thoroughly evaluating the implemen- 
tation of the mitigation measure is essential to ensur- 
ing that it has been built as intended and designed 
(Chapter 9). This evaluation also serves to gather further 
knowledge on the method's efficacy that can be used to 
improve its design and implementation and to provide 
policy-makers with results that enhance future adop- 
tion of mitigation measures. 


59.10 Schedule a time frame for revising 
and updating the manual 


Research on the impacts of roads and traffic and effec- 
tiveness of solutions is ongoing, and best-practice man- 
uals must undergo a regular review to incorporate new 
knowledge and changes to legislation and safety stand- 
ards. Based on the rate of current research, this should 
occur at intervals of 5-10 years. Guidelines published 
on the web or a series of stand-alone volumes on differ- 
ent topics can be more rapidly reviewed and updated 
than printed and/or single-volume manuals. 


CONCLUSIONS 


Every road agency needs access to relevant, current 
and comprehensive guidelines in order to plan, 
design, construct and maintain ecologically sustain- 
able transportation systems. The expertise of wildlife 
specialists and civil engineers must be combined to 
successfully avoid and minimise the negative impacts 
of transportation infrastructure on natural habitats 
and implement effective mitigation and compensation 
solutions. Writing guidelines should be an opportu- 
nity for collaboration and a means to develop a common 
language and understanding as well as a sense of 
shared responsibility. 
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Achiron-Frumkin, T. 2012. Israeli handbook on habitat frag- 
mentation by transportation infrastructure. Commissioned 
by Israel’s National Road Company. 260 p. Available from 
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israel2012-light.pdf (accessed 12 January 2015). 
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pro_zajisteni_pruchodnosti_dalnic.pdf (accessed 12 January 
2015). 

DFT (UK Department for Transport). 2014. Design manual for 
roads and bridges. Volume 10 — Environmental design. 
Available from http://www.standardsforhighways.co.uk/ 
ha/standards/dmrb/vol1 0/index.htm (accessed 12 January 
2015). 
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Dinetti, M. 2008. Infrastrutture di trasporto e biodiversita: lo 
Stato dell’ Arte in Italia. Il problema della frammentazione degli 
habitat causata da autostrade, strade, ferrovie e canali naviga- 
bili. IENE Infra-Eco-Network-Europe, Sezione Italia, 160 p. 

Dinetti, M., C. Sangiorgi, and F Irali, 2012. Progettazione eco- 
logica delle infrastrutture di trasporto. Felici Editore, Pisa, 
Italy, 150 p. 

Hlavac, V., and P. Andel. 2002. On the Permeability of Roads 
for Wildlife: a Handbook. Agency for Nature Conservation 
and Landscape Protection of the Czech Republic, Prague, 
Czech Republic. 

Jędrzejewski, W., S. Nowak, R. Kurek, R.W. Mysłajek, K. 
Stachura, B. Zawadzka, M. Pchałek. 2009. Animals and 
Roads: Methods of mitigating the negative impact of roads 
on wildlife. Mammal Research Institute, Polish Academy of 
Sciences, Bialowieza, Poland. 

Lundin, U., Sjölund, A., Skoog, J., Eriksson, O., Jakobi, M., Olsson, 
M., Seiler, A. & Andrén, C. 2005. Wildlife and infrastructure — 
a handbook for mitigation. Swedish Transport Administration, 
72, in Swedish, 124 pp. Available from http://www.rms. 
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nsw.gov.au/documents/about/environment/biodiversity_ 
guidelines.pdf (accessed 12. January 2015). 

Ministerio de Medio Ambiente. 2006. Prescripciones Técnicas 
para el diseño de pasos de fauna y vallados perimetrales. 
Documentos para la reducción de la fragmentación de 
habitats causada por infraestructuras de transporte, 
numero 1. 0.A. Parques Nacionales. Ministerio de Medio 
Ambiente, Madrid, Spain, 108 pp. 

Ministerio de Medio Ambiente y Medio Rural y Marino. 2008. 
Prescripciones técnicas para el seguimiento y evaluacion de la 
efectividad de las medidas correctoras del efecto barrera de las 
infraestructuras de transporte. Documentos para la reduc- 
ción de la fragmentación de habitats causada por infraes- 
tructuras de transportes, número 2. O.A. Parques 
Nacionales. Ministerio de Medio Ambiente y Medio Rural y 
Marino. Madrid, Spain, 138 pp. 

Ministerio de Medio Ambiente y Medio Rural y Marino. 2010. 
Prescripciones técnicas para la reducción de la fragmentación de 
habitats en las fases de planificación y trazado. Documentos 
para la reducción de la fragmentación de habitats causada 
por infraestructuras de transportes, numero 3. O.A. 
Parques Nacionales. Ministerio de Medio Ambiente y Medio 
Rural y Marino. Madrid, Spain, 145 pp. 

Ministerio de Agricultura, Alimentación y Medio Ambiente. 
2013. Desfragmentacion de habitats. Orientaciones para reducir 
los efectos de las infraestructuras de transporte en funcionami- 
ento. Documentos para la reducción de la fragmentación de 
habitats causada por infraestructuras de transporte, número 
5. O.A. Parques Nacionales. Ministerio de Agricultura, 
Alimentación y Medio Ambiente. Madrid, Spain, 159 pp. 

Ministry of Environment, Korea. 2010. Guidelines for design 
and management of wildlife crossing structures in Korea. 
Ministry of Environment, Seoul, Korea. Available from 
http://webbook.me.go.kr/DLi-File/077/203004.pdf 
(accessed 12. January 2015). 

Pepper, H. W., M. Holland, and R. Trout. 2006. Wildlife fenc- 
ing design guide. CIRIA, London, UK. 

Piepers, A. A. G. editor. 2001. Infrastructure and nature; frag- 
mentation and defragmentation. Dutch State of the Art 
Report for COST Activity 341. Road and Hydraulic 
Engineering Division Defragmentation Series, part 39A. 
Road and Hydraulic Engineering Division, Delft, the 
Netherlands. 

Rajvanshi, A., V. B. Mathur, G. C. Teleki, and S. K. Mukherjee. 
2001. Roads, sensitive habitats and wildlife: Environmental 
guidelines for India and South Asia, Wildlife Institute of 
India, Dehradun, India and Canadian Environmental 
Collaborative Ltd., Toronto, Canada. 

Rosell, C. & Velasco Rivas, J.M. 1999. Manual de prevencio i 
correcció dels impactes de les infraestructures viàries sobre la 
fauna. Documents dels Quaderns de Medi Ambient, 4. 
Departament de Medi Ambient, Barcelona, Spain, 95pp. 
(Incluye traduccion al castellano e inglés). 

RTA (Roads and Traffic Authority of New South Wales). 
2011. Biodiversity guidelines: Protecting and managing 
biodiversity on RTA projects. Roads and Traffic Authority of 
NSW, Sydney, Australia. 
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SETRA (Service d'Etudes Techniques des Routes et Autoroutes). 
1993. Passage pour la grande faune, guide technique. 
SETRA, France. 124 pp. 

SETRA (Service d'Etudes Techniques des Routes et 
Autoroutes). 2005. Facilities for small fauna, technical 
guide. SETRA, France. 264 pp. 

SETRA (Service d'Etudes Techniques des Routes et 
Autoroutes), CETE EST, CETE NP. 2009. Bats and road 
transport infrastructure, threats and preservation meas- 
ures, information note. SETRA, France. 22 pp. 

CETE EST, ONEMA. 2013, Petits ouvrages hydrauliques et 
continuités écologiques: cas de la faune piscicole, note 
d'information — SETRA — 25 p. 

SETRA (Service d'Etudes Techniques des Routes et Autoroutes). 
2006. Bilan d’expériences, Routes et passages a faune, 40 
ans d’évolution, rapport. SETRA, France. 55 pp. 

US Department of Transportation, Federal Highway 
Administration, Keeping it simple-easy ways to help wildlife 
along roads, PUB. No FHWA-EP-03-066, 58 pp. Available 
from _http://www.fhwa.dot.gov/environment/critter 
crossings/intro.cfm (accessed 18 January 2015). 

van der Grift, E., Biserkov, V., and Simeonova, V. 2008. 
Restoring ecological networks across transport corridors in 
Bulgaria: Identification of bottleneck locations and practi- 
cal solutions. Alterra, Wageningen, The Netherlands. 

White, P. A. and Ernst, M. 2005. Second nature: Improving 
transportation without putting nature second. Defenders of 
Wildlife, Washington, DC, USA. 


FURTHER READING 


Australasian Network for Ecology and Transportation (ANET): 
Network, similar to ICOET and IENE, for the Australasian 
region (http://www.ecoltrans.net). 

Beckman et al. (2010): A well-written book that summarises 
the impacts of roads and traffic on wildlife, with a focus on 
the United States. It includes specific recommendations on 
siting, design and mitigation, as well as case studies on 
successful mitigation programmes. 

Forman et al. (2003): The first road ecology textbook, with an 
extensive and detailed discussion of impacts and solutions. 

Infra Eco Network Europe (IENE): The European network for the 
interaction between green infrastructure and the surface 
transportation network (http://www.iene.info/; Chapter 60). 

International Conferences on Ecology and Transport (ICOET): 
The international conference held biannually in the United 
States for ecology and transportation (http://www.icoet. 
net/; see Chapter 60). 

Tsunokawa and Hoban (1997): A publication that promotes 
best practice in EIA and road design for World Bank-funded 
projects — with relevance to all linear infrastructure projects, 
regardless of funding source. 
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CASE STUDY: THE ROLE 
OF NON-GOVERNMENTAL 
ORGANISATIONS (NGOS) 
AND ADVOCATES IN 
REDUCING THE IMPACTS 
OF ROADS ON WILDLIFE 


Patricia White 


National Wildlife Federation, Washington, DC, USA 


Today, a growing cadre of committed professionals is 
making progress towards raising the ecological standards 
of our transportation infrastructure. One important 
contributor to this progress has been conservation 
non-governmental organisations (NGOs). Through 
their special skill set, including media and public out- 
reach, bringing volunteer labour and a capacity to 
influence policy and funding changes, NGOs play an 
important role in making positive changes for wildlife. 


WHY NGOS? 


Protecting and restoring core habitat and corridors is a 
daunting task, requiring collaboration and cooperation 
among many stakeholders including local officials, 
regional and national authorities, transportation and 
natural resource agencies, elected officials, community 
leaders, landowners, academia, conservation organisa- 
tions and concerned citizens. No single sector can do it 
alone. For a wildlife and transportation project to be 
planned, designed, funded, built and maintained and 


safely move wildlife, many factors must be in place, 
including science, technology, funding, policy/law, best 
practices, public support and political will. 

A project — such as installing a wildlife crossing 
structure — might have many of these factors, but if 
it is missing even one, it may fail. For example, biolo- 
gists can conduct the necessary research on wildlife 
movement to determine the location and design for 
the structure, but without funding and agency sup- 
port, it may not be built. Or that same project may 
have funding and agency support, but if an unen- 
lightened public does not support it, the political will 
can disappear, taking the funding with it. Many 
good, promising projects have been derailed before 
they were finished because just one of these factors 
was missing. 

Fortunately, many conservation NGOs possess the 
skills and the spirit to meet these challenges. Indeed, 
conservation NGOs are uniquely positioned to address 
the various challenges and bring together the stake- 
holders, policy, implementation and public support to 
make ecologically sensitive roads a reality. Specifically, 
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conservationists can contribute by increasing public 
awareness and support, persuading lawmakers and 
recruiting volunteers. 


CHANGING HEARTS AND MINDS 


While millions of people are involved in wildlife-vehicle 
collisions (WVC) globally, the general public remains 
woefully uneducated about the conflict between wildlife 
and transportation. And only a small proportion of 
those who notice their roadsides littered with roadkill 
understand the full scope of ecological effects of roads 
upon wildlife beyond the pavement. Even fewer are 
aware of solutions to reduce these impacts or under- 
stand how they can participate in the process. 

A 2006 study by the University of Denver (Archerd- 
Bingham 2006) found four major barriers to effective 
citizen participation in wildlife-sensitive transporta- 
tion projects: (i) insufficient awareness of wildlife and 
transportation issues; (ii) public apathy or lack of 
citizen interest in wildlife and transportation issues; 
(iii) ineffective citizen participation techniques and 
processes; and (iv) transportation agencies’ poor com- 
munication with local citizens. Before road ecology 
can achieve and sustain progress, it will need to pene- 
trate the mindset of the general driving and taxpaying 
public and normalise not only the problem but the 
solutions as well. 

Conservation NGOs are in a prime position to edu- 
cate the public on the conflict between wildlife and 
transportation. Conservation NGOs often employ 
communication staff, skilled at crafting persuasive 
messages for the public ear. Utilising public outreach 


How will WSDOT build 


Safer roads for 
people and wildlife? 


Find out at: 


www.wsdot.wa.gov 
www.i90wildlifebridges.org 


and media, conservation NGOs can teach people about 
the impacts of transportation on wildlife and the vari- 
ety of solutions. In doing so, citizens will be convinced 
that reducing WVC and improving habitat connectiv- 
ity across roads are in the best interest of the motoring 
public and a valid use of taxpayer dollars. Conservation 
NGOs can also help spread the message to educate driv- 
ers on the need to drive with caution and reduce their 
speed when driving in areas containing wildlife. 


CHILDREN AND THE I-90 WILDLIFE 
BRIDGES 


To build support for wildlife crossings in Washington, 
United States, the I-90 Wildlife Bridges Coalition visited 
schools in the area to educate students about wildlife 
and roads. The children then created colourful posters 
to demonstrate their own designs for crossings that 
would benefit both animals and people. The coalition 
partnered with the transportation agency to select the 
winning posters and award prizes to the children. The 
winning poster was then proudly displayed on a bill- 
board where passing motorists could see it (Fig. 60.1), 
thereby increasing public support for the project. 


CHANGING POLICY 


In addition to transportation and natural resource 
agency professionals, elected officials — from mayors to 
regional and national lawmakers — can influence pub- 
lic policies regarding transportation infrastructure 
and how it will impact wildlife and habitat. Elected 


So ee 


Because animals don't look both ways! 


Figure 60.1 Road sign created for the I-90 Highway Upgrade, by school children, the Washington State Department of 
Transportation and the I-90 Wildlife Bridges Coalition. Source: Reproduced with permission of Charlie Raines, I-90 Wildlife 


Bridges Coalition. 
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leaders at every level may be involved with allocating 
transportation funds, setting development priorities 
and even having a hand in project selection. They often 
control funding and priorities for natural resource and 
environmental protection agencies as well. 

Many different sectors of society have a stake in trans- 
portation infrastructure, and all of them seek out elected 
leaders, attempting to influence how transportation 
funds are allocated, which projects are built and where 
and when they are constructed. In the United States, 
government agency staff are prohibited from communi- 
cating with lawmakers or their staff to influence the 
passage of laws, appropriation of funds or other meas- 
ures. They are also forbidden to communicate their sup- 
port or opposition to any laws or appropriation of funds 
to the general public. Under these circumstances, con- 
servation NGOs can carry the message of support for 
wildlife-friendly policies and allocation of funding for 
habitat connectivity programmes and projects to elected 
leaders. Conservation NGOs can also encourage their 
expansive support networks to write letters or emails 
and call their lawmakers to pressure them to support 
wildlife-friendly policies and funding. 


BEING THE CHANGE 


Wildlife crossing structures vary greatly in size and vari- 
ety, from small underpasses under a rural road to wide, 
vegetated wildlife overpasses over major highways. Many 
effective measures require little or no construction at all. 
And even with large projects like wildlife overpasses, there 
are several pre- and post-construction activities that can 
be done by a novice. While the primary responsibility lies 
with road agencies, unpaid and enthusiastic volunteers 
can help with a wide range of tasks, thereby saving 
money and building ownership in projects by engaging 
with the community. 

Conservation NGOs often have support networks 
ranging from a dozen in smaller local groups to several 
hundred thousand in national and international 
NGOs. They can use their relationships with supporters 
and reach out to the general public to recruit volun- 
teers for small projects including: 

e Clearing invasive vegetation near selected crossing 
locations; 

e Roadside vegetation management; 

* Collecting pre- and post-construction wildlife mor- 
tality and/or crossing data; 

e Repairing or removing fencing; 

e Clearing debris from drainage culverts and wildlife 
underpasses. 


THE MIISTAKIS INSTITUTE AND 
THE ‘ROAD WATCH IN THE PASS’ 
PROJECT 


The Miistakis Institute, a non-profit organisation affil- 
iated with the University of Calgary, British Columbia, 
Canada, launched the ‘Road Watch in the Pass’ project, 
asking drivers using Highway 3 through Crowsnest 
Pass to report sightings of wildlife on a special website 
(www.rockies.ca/roadwatch). If a participant observes 
an animal (alive or dead) while driving through the 
pass, they are asked to log on to the website and fill out 
a simple report on the species, location and status of 
each sighting. Data collected from the website are tal- 
lied and provided to transportation and natural 
resource officials to inform decisions regarding safety 
upgrades like wildlife crossings. 


CONCLUSIONS 


Together, all sectors involved have made great strides in 
advancing the new science of road ecology. There is no 
shortage of available data, technology, policy, best prac- 
tices and expertise to protect and restore core habitats 
and corridors. However, much work remains to be done. 

Protecting and restoring essential wildlife habitat and 
corridors will take considerable investments from all sec- 
tors from transportation and natural resource agencies, 
academia, lawmakers, landowners and communities. At 
this time, the greatest contribution conservation NGOs 
can offer is in bringing all partners together. 


FURTHER READING 


White (2007): An accessible book that seeks to crack the code 
on transportation, demystifying the policies and practices 
to provide conservationists with the necessary foundation 
to become informed, more effective stakeholders in trans- 
portation debates. 
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CONGREGATING AND COMMUNICATING 
IS ESSENTIAL 


The practice of evaluating the ecological effects of 
roads and railroads and applying this knowledge to the 
design and operation of transportation infrastructure 
has come into being largely in the last two decades. Its 
origins stem from the pursuit of local solutions to 
address specific ecological concerns, often related to 
individual transportation projects or facilities. As 
practical experience was gained, lessons learned and 
knowledge shared, the network of practitioners and 
body of knowledge grew. This knowledge is now 
applied at broader scales and higher levels. A signifi- 
cant catalyst in the development of this field has been 
the opportunities for people from various disciplines, 
organisations and regions to share knowledge and to 
network as part of various conferences, workshops and 
seminars. Two well-established forums are the Infra 
Eco Network Europe (IENE) and the International 
Conference on Ecology and Transportation (ICOET) in 
the United States, and these are the primary focus of 


this chapter. More recently, similar networks have been 
established in Brazil (REB — Chapter 50) and Australasia 
(ANET 2013). 

A community of practice (CoP) is a group of people 
who share a craft or profession (Wenger et al. 2002). 
The group can evolve naturally because of the mem- 
bers’ common interest in a particular domain, or it can 
be created specifically to gain knowledge. A CoP is par- 
ticularly important for questions where different 
domains interact and if resources and knowledge is 
limited. The IENE, ICOET, ANET and REB are CoP for 
those who seek to better understand and address the 
ecological consequences of traffic and infrastructure. 
The distinguishing qualities of this work are (i) the 
typically pressing need for direct application of the best 
available science to on-the-ground project decisions 
and (ii) the frequent need for cross-disciplinary coor- 
dination to develop effective solutions. The cross- 
disciplinary nature is important because individuals or 
disciplines (i.e. biology, ecology, engineering, hydrol- 
ogy, planning, traffic management and maintenance) 
do not possess all the information needed, and they can 
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use others within the CoP to analyse the problem and 
implement an effective solution. 


THE INFRA ECO NETWORK OF EUROPE 


In Europe, professional interest in wildlife and traffic 
arose during the 1970s as traffic safety concerns grew 
due to a rising number of wildlife-vehicle collisions 
(WVC) and pollution from de-icing salt and lead was 
increasingly acknowledged. Habitat fragmentation due 
to roads and noise disturbance by traffic gained atten- 
tion in the following years (e.g. Mader 1981; Bernard 
et al. 1987) leading to an international conference 
arranged by the Dutch Ministry of Transport, Public 
Works and Water Management in the Netherlands in 
1995 (Canters et al. 1997). The conference high- 
lighted similarities in the problems and solutions 
addressed by the participating countries and outlined 
the potential benefits from closer collaboration and 
exchange of experience. This gathering produced a 
declaration from over 25 countries for collaboration, 
which initiated the official formation of the IENE 
(IENE 2013). 

Originally, the IENE was a group of designated 
national representatives for the sectors of transport or 
environment who met annually. This group devel- 
oped and proposed the Cooperation in Science and 
Technology (COST) Action 341 on habitat fragmen- 
tation due to transport infrastructure, an action of the 
European (EU) framework for COST. This action gath- 
ered experience and knowledge from within the IENE 
network and produced national and EU-wide state-of- 
the-art reports on habitat fragmentation (Trocmé et al. 
2003) and a seminal EU handbook on wildlife and traf- 
fic (Tuell et al. 2003). The handbook has been adopted 
and translated for use by many countries since then. 
The COST Action 341 closed in 2003 with an interna- 
tional conference arranged by the IENE. Thereafter, a 
shortage in central funding for network coordination 
put the IENE into a dormant state until activities 
resumed in 2008. The IENE has developed into a network 
with free individual membership, an elected steering 
committee and an approved obligation to serve as a 
forum for cross-border and interdisciplinary exchange 
in the fields of transportation and ecology. 

The IENE arranges regional annual meetings and 
workshops across Europe and organises biannual 
international conferences on alternate years to ICOET 
conferences. In addition, the IENE initiates research 
activities and applications for EU-wide communication 
projects. It is through these activities that the network 


survives and grows. They provide the necessary incen- 
tives for personal contacts, funding opportunities and 
practical collaboration. Although most communica- 
tion is managed online, it is the personal contact 
among the members that keeps the network alive. 

At present (in 2014), the IENE has greater than 250 
members from 45 countries and even more subscribe 
to the newsletter or participate at conferences. IENE 
networks have been established in some EU countries, 
and they produce newsletters or reports, arrange 
seminars or provide advice in construction projects. All 
members and national networks benefit from the 
broader international CoP of the IENE, either directly 
through knowledge transfer or indirectly when the 
reputation of the network grows. 

As the network grows and becomes increasingly 
recognised as a resource for agencies, governments or 
individual researchers, there is also a growing 
demand for a stable node or secretariat that responds 
to official requests and maintains communication 
activities. Securing this central service, however, 
requires reliable and sufficient funding, which, in 
the international setting of the IENE, is extremely dif- 
ficult to come by. Despite all attempts to establish a 
multinational funding consortium, only the Swedish 
Transport Administration currently funds the IENE 
secretariat. 


THE INTERNATIONAL CONFERENCE 
ON ECOLOGY AND TRANSPORTATION 


In the early 1990s, biologists seeking solutions for 
WVC in the United States drew inspiration from work 
undertaken in Europe with wildlife crossing struc- 
tures. They sought to address situations where WVC 
represented serious safety concerns as well as where 
losses to wildlife constituted a significant threat to 
populations of at-risk species (e.g. Florida panther). 
Various efforts up to that point to address WVC and 
other ecological issues had been largely experimen- 
tal, based on the professional judgement of the people 
involved. 

In 1996, anational conference was hosted in Orlando, 
Florida, by the Florida Department of Transportation 
(FDOT) and Federal Highway Administration (FHWA), 
called the ‘Transportation-Related Wildlife Mortality 
Seminar’. About 100 people attended this conference 
which was the first national forum in the United States 
for sharing practical experience, discussing the state of 
knowledge and identifying gaps and needs in under- 
standing the problems and solutions related to 
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roadside ecology. In September 1996, another national 
conference was hosted in Tacoma, Washington, by the 
Washington State Department of Transportation enti- 
tled ‘Connections: Transportation, Wetlands and the 
Natural Environment’, which expanded the discussion 
to a broader range of environmental topics beyond 
WVC. This discussion continued through a series of 
conferences. The name ‘International Conference on 
Wildlife Ecology and Transportation (ICOWET)’ was 
employed by the FDOT for the meeting jointly hosted in 
February 1998 with the FHWA, the US Forest Service 
(USFS) and the Defenders of Wildlife in Fort Myers, 
Florida. This meeting shared examples of best practices 
from Canada, the Netherlands and Australia and from 
around the United States. This meeting was next hosted 
in 1999, by the Montana Department of Transportation 
in Missoula, Montana. 

The next step in evolution dropped the word ‘wild- 
life’ from the name, embracing a broader range of 
ecological issues. The organisers drafted the ICOET 
mission: to identify and share quality research applica- 
tions and best management practices that address wild- 
life, habitat, and ecosystem issues related to the delivery 
of surface transportation systems. The meetings of 
the ICOET have been held every other year by trans- 
portation agencies from different regions of the 
United States (ICOET 2013). From the start, ICOET 
organisers recognised that this subject relates to a 
number of different perspectives, disciplines and 
stakeholder groups; therefore, productive discussion 
and effective solutions would need to embody input 
from a number of sources. Both the content of the 
conferences and the make-up of the steering commit- 
tee represent partnerships among transportation 
agencies and regulatory/resource agencies, planning, 
engineering, academia and non-governmental advo- 
cacy organisations. 


BUILDING A CoP: LESSONS LEARNED 


Both IENE and ICOET help to support a group of people 
who are mutually engaged in a joint enterprise who 
utilise a shared repertoire of information; as such, 
they are successful examples of CoP (Wenger 1998). 
Although there are obvious differences between them 
(e.g. national vs. international organisation, members 
who speak different languages), there are also parallels 
in their origin, development and international partici- 
pation. From these experiences, the following recom- 
mendations derive for current and future CoP in road 
ecology, such as ANET and REB: 


(i) Design the community to evolve naturally — Because 
the nature of a CoP is dynamic, in that the interests, 
goals and members are subject to change, the CoP 
should be encouraged to refine their focus over time as 
the needs of the members change. 

(ii) Create opportunities for open dialogue with inter- 
nal and external perspectives — While the members 
and their knowledge are the CoP’s most valuable 
resource, it is also beneficial to look outside the CoP to 
identify different potential solutions. This may come 
naturally to a CoP that operates at the intersection 
between different domains, such as between transpor- 
tation and ecology. 

(iii) Welcome and allow different levels of participation — 
Wenger (1998) identified three main levels of partici- 
pation: (a) the core group who participate intensely in 
the community through discussions and projects and 
typically take on leadership roles; (b) active members 
who attend and participate regularly, but not to the 
level of the leaders; and (c) the peripheral and typi- 
cally largest group who, while they are passive partici- 
pants in the community, still learn from their level of 
involvement. 

(iv) Develop both public and private community spaces — 
While CoPs typically operate in public spaces where 
all members share, discuss and explore ideas, they 
should also offer private exchanges. Different mem- 
bers of the CoP may cultivate relationships and 
share resources in an individualised approach based 
on specific needs. 

(v) Create opportunities for personal encounters — 
Although most communication within the community 
will likely occur online or through email, the personal 
face-to-face meetings are a critical part of human rela- 
tionships. Conferences, workshops and other gatherings 
must form an important part of a CoP. 

(vi) Focus on the value of the community — CoP should 
create opportunities for participants to explicitly discuss 
the value and productivity of their participation in the 
group. 

(vii) Combine familiarity and excitement — CoP 
should offer routine learning opportunities as well 
as opportunities for members to shape their learn- 
ing experience together by brainstorming and 
examining the conventional and radical wisdom 
related to their topic. 

(viii) Find and nurture a regular rhythm for the com- 
munity — CoP should coordinate a thriving cycle of 
activities and events that allow members to regularly 
meet, reflect and evolve. The rhythm, or pace, should 
maintain an anticipated level of engagement to sustain 
the vibrancy of the community, yet not be so fast-paced 
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that it becomes unwieldy and overwhelming in its 
intensity (Wenger et al. 2002). 

(ix) Secure central funding for administration — A CoP, 
just like any other organisation, requires funding for 
coordination and common services. This cost should 
be shared among the community, but achieving this 
may be difficult, especially if the network and its bene- 
fits are intended to be available at no expense. 

(x) Find a host for the central communication node — 
Hosting a network or CoP provides several benefits and 
may put the host in a strategic and powerful position. 
The host must ensure that the CoP remains rooted in 
the shared interests of its members and does not unduly 
influence the direction of the CoP for its own benefit. 
Road ecology needs effective CoPs to plan, design, build 
and manage an ecologically sustainable transportation 
network. The potential ecological impacts of roads and 
traffic are so great that the combined knowledge and 
expertise of the CoP is essential to achieving cost- 
effective solutions. The future of the ICOET and IENE, 
and the other fledgling road ecology CoPs outside of 
North America and Europe, relies on the engagement 
and support of many different disciplines, organisa- 
tions and government agencies. 
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SUMMARY 


Wherever wildlife habitat and roadways overlap, roadkill seems inevitable. Observing and recording carcasses 
resulting from wildlife-vehicle collisions (WVC) provides data critical for sustainable transportation planning 
and species distribution mapping. Across the world, systems have been created to record WVC observations 
by researchers, highway maintenance workers, law officers, wildlife agency staff, insurers and volunteers. 
These wildlife/roadkill observation systems (WROS) can include mobile recording devices for data collection, 
a website for data management and visualisation and social media to reinforce reporting activity. 

62.1 The specific purpose and goals of the WROS may vary among systems but should always be clearly 
defined. 

62.2 Extensive social networks are needed for comprehensive observation systems. 

62.3 Adopt a methodical approach to developing a WROS. 

62.4 Analysis and visualisation of data collected within a WROS should correspond to the goals of the 
system. 

62.5 Address issues in reporter bias by using standardised data collection methods or post hoc analyses. 
62.6 The advantages and disadvantages of opportunistic and targeted data collection must be carefully 
considered when developing a WROS. 

Volunteer science and web-based information tools have advanced to the point where transportation or 
wildlife agencies and their allies can develop, support or implement WROS to improve the sustainability of 
transportation systems. However, while numerous WROS have been developed and implemented around the 
world, the full potential of many systems has not been realised because they were not developed or main- 
tained according to the basic principles outlined in this chapter. We provide suggestions and guidance useful 
for updating existing systems and developing new ones. 
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INTRODUCTION 


Reporting the occurrence of wildlife on roads, whether 
alive or as carcasses resulting from wildlife-vehicle 
collisions (WVC), has recently exploded as an area of 
road ecology research and practice and has spawned a 
new type of volunteer involvement. Globally, there are 
dozens of web-based systems for reporting WVC 
(Table 62.1). Many have appeared over the last 5 years, 
and they vary in their specific purpose, taxonomic 
breadth and use of social networks for collecting data 
and outreach. A few use smartphone-based applica- 
tions to facilitate data entry from the field, and some 
use social media and communication tools to receive 
observations (Table 62.1). 

Web-based reporting of wildlife observations, 
including WVC, is a rapidly growing source of data for 
understanding the impacts of roads on wildlife and, in 
some cases, mitigation effectiveness. The largest sys- 
tem in the world conducted by government agencies is 
that of Sweden’s national police, which collects and 
reports accidents involving 12 species of wildlife 
(Table 62.1). The largest, longest-running system that 
relies on volunteer observers reporting any species is 
the ‘California Roadkill Observation System’ (CROS), 
run by the Road Ecology Center at the University of 
California, Davis (UC Davis, Table 62.1). In the latter 
case, data is collected from all roads as well as on tar- 
geted ‘transect’ roads, which have been selected for 
regular surveys. 

There are four main ways that observations are 
recorded (Table 62.1): (i) inclusion of historical records 
of accidents or carcasses that preceded the web-based 
system; (ii) form-based reporting on a website, including 
drop-down menus; (iii) smartphone application-assisted 
web systems; and (iv) social media sites, such as Twitter 
and Facebook. There are two main types of data collec- 
tion strategies: opportunistic/random observations and 
transect/targeted route observations (Lesson 62.6). In 
the first case, observers report carcasses wherever and 
whenever they are seen (e.g. Endangered Wildlife Trust, 
South Africa). In the second case, observers regularly 
drive, walk or cycle routes and report carcasses and, less 
usually, absence of carcasses (‘null’ observations, e.g. 
Road Ecology Center for Maine, United States). 

Existing WROS can consist of tens of thousands of 
data points (Table 62.1) and represent a potential 
source of ‘big data’ for road ecology, community 
ecology, biodiversity mapping and other scientific/ 
engineering disciplines. Big data refers to data sets that 
are large and usually geographically extensive and so 
require novel solutions for storage, analysis, processing 


and visualisation. At a global level, WROS provide the 
largest known, continuous source of data on animal 
occurrence and distribution while also providing 
opportunities for tissue sampling of genetics, disease 
and other testing (Textbox 62.1). It is important to 
carefully structure the informatics (i.e. collection, 
management and sharing) systems for these observa- 
tions to facilitate analyses and other uses of the data. 


Textbox 62.1 The importance of sampling 
roadkill otters for evaluating pollution and 
parasites in the United Kingdom 


The Cardiff University Otter Project has collected 
otter carcasses (95% from roadkill) in the United 
Kingdom for 20 years, across a period of population 
expansion, and from 2010 has examined approxi- 
mately 200 carcasses per year. At the top of the 
aquatic food chain, and a wide-ranging predator, 


otters form an excellent ‘sentinel’ for environmental 
health, enabling researchers to determine spatial 
and temporal variation in contaminants (Chadwick 
et al. 2011) and parasites (Chadwick et al. 2013) of 
relevance to human as well as animal health. 
Making use of roadkill is particularly important 
when studying elusive species, such as the otter, 
that are otherwise difficult to monitor and can offer 
insights into population structure and behaviour 
(Hobbs et al. 2011) as well as basic biology 
(Sherrard-Smith & Chadwick 2010). 


The aims of this chapter are to highlight key issues 
that should be considered during the planning, design 
and implementation phases of WROS to ensure the 
data collected are accurate, reliable and useful to mul- 
tiple end users. Many WROS systems around the world 
have been unsuccessful because the lessons we out- 
lined in this chapter were not adequately considered. 


LESSONS 


62.1 The specific purpose and goals of the 
WROS may vary among systems but should 
always be clearly defined 


The rationales for creating a WROS include informing 
transportation mitigation planning (Gunson et al. 2011), 
improving driver safety (Bissonette et al. 2008) and 
contributing to biodiversity observations (Elmeros et al. 
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2006). The purpose of a system often drives its methods 
for data collection and determines the types of data col- 
lected. This not only makes development of the purpose 
very important, but potentially can constrain uses of the 
data for other functions. 

There is a clear need to develop a goal or purpose 
statement for a WROS. This can begin with a fairly 
broad goal for the system and include a series of objec- 
tives that clearly link to types and modes of data collec- 
tion. For example, one broad purpose statement that 
reflects the goals of most WROS is: This system is 
designed to monitor the occurrences of roadkill in order to 
improve safety for drivers, reduce impacts to wildlife popu- 
lations, and contribute to the understanding of regional 
biodiversity. The statement has four main objectives, 
each of which is important to different stakeholders 
and requires different emphases in data collection, 
analysis and reporting (Fig. 62.1). 


62.2 Extensive social networks are needed 
for comprehensive observation systems 


Broad and inclusive networks are required for a WROS 
to grow and persist. Also called ‘crowd-sourced sci- 
ence’, volunteer science networks (sometimes called 
‘citizen science’) consist of managers and scientists 
from transportation and wildlife agencies, NGOs 
(Chapter 60), colleges and universities and the general 
community. Volunteer science provides a large and 
robust pool of enthusiastic people interested in prob- 
lem solving and data collection. Furthermore, volun- 
teer science has facilitated analysis of ecological 
processes operating at broad spatial and temporal 
scales, far beyond the limit of traditional field studies 
(Wilson et al. 2013). Some of the largest systems in the 
world rely primarily on volunteer effort to develop reli- 
able, verified wildlife data (Schmeller et al. 2009; Ryder 


Best method: Record accidents 
resulting from collisions with 


Objective one 
Improve driver safety 


Best method: Record accidents 


resulting from drivers trying to 
avoid collisions with any-sized 
animal 


Best method: Regular surveying of 
roadways and surrounding areas to 


Objective two 


populations 


~ Reduce impacts to wildlife 


understand population sizes and 
mortality rates 


animals that are large enough to 
change the trajectory of the vehicle 


Best method: Estimate impacts 
from specific types of roads 


to benefit the public and wildlife 


Objective three 


Understand regional biodiversity 


Best method: Opportunistic 
or systematic sampling of roadkill 
to understand distribution and 
changing distribution of wildlife 


Goal 
This system is designed to monitor roadkill in order 


species 


Objective four 


understanding 


Increase public and decision-maker 


Best method: Regular feedback of 
data to the public, media coerage of 
the WROS, and results to policy 
makers 


Figure 62.1 Linking goals, objectives and data collection methods to reporting activities in a WROS. The goal and the 
corresponding objectives and methods in this example are typical of many WROS. The ‘best method’ is most appropriate for the 
corresponding objective but may also contribute to other objectives. 
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et al. 2010; Cooper et al. 2014). These volunteers are 
often professional biologists making wildlife observa- 
tions ‘on the side’ and contributing these observations 
to various WROS (e.g. CROS, United States). One per- 
ception of volunteer science-gathered data is that it 
may suffer from observer bias and identification error 
(Cooper et al. 2014). However, this has not often been 
the case and inaccuracies may be outweighed by the 
size of data sets available from volunteers (Schmeller et 
al. 2009; Ryder et al. 2010). As the volunteer science 
movement becomes an industry, it is anticipated that 
data collection will become more streamlined and 
standardised, with the volunteer scientist benefitting 
from the knowledge that they have helped advance in a 
scientific field they are passionate about. 

Social media platforms (e.g. Facebook, Twitter) have 
revealed public concern about the rate of animals 
killed on roads and have become valuable volunteer 
science tools (e.g. Project Splatter from the U.K., 
Table 62.1). In addition to the actual collection of WVC 
data, social media can raise concern and awareness 
over WVC and their impacts on biodiversity, thereby 
encouraging more individuals across broader geo- 
graphic areas to collect WVC data. 

When it comes to submitting WVC data, public 
preferences will influence the researcher’s choice of 
platform, of which there are many (Table 62.2). Ideally, 
photographs of the animal(s) should accompany the 
submission of an observation, with the location (pref- 
erably the GPS coordinates) and date/time of the 
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observation. Photos do assist the WROS with species 
identification and allow the scheme to quantify the 
accuracy of submissions. While many new technolo- 
gies are available for data collection, we recognise that 
some data collection may still rely on analogue devices 
such as paper and pen. 

To allow for maximum public participation, we rec- 
ommend a combination of platforms (e.g. smartphone 
application, social media and email) be adopted for col- 
lecting the data. The most robust data for examining 
long-term abundance trends and identifying hotspots 
are those that record observations of both the presence 
and absence of roadkill on set transects (Chapter 13). As 
such, contributors should be encouraged to submit null 
observations on defined journeys. This approach has 
been adopted at certain times of the year, for example, by 
the Belgian ‘Animals under the Wheels’ programme 
(Table 62.1) who run a ‘report your commute’ cam- 
paign to gain high-quality standardised survey data but 
also to re-inject enthusiasm into the volunteer base. 


62.3 Adopt a methodical approach to 
developing a WROS 


Developing a successful WROS depends on a wide 
range of activities and skills. This lesson lists the five 
critical features of a WROS and can be thought of as a 
checklist for existing schemes as well as guidelines for 
new WROS. 


Table 62.2 Digital technologies currently available for WROS observation reporting by the public. 


Platform Hardware/technology Advantages Disadvantages 
required 
Smartphone application Smartphone/tablet Data easily submitted by Not all cell phones and 


Instant messaging/SMS 
message 


Cell phone/tablet 


Social media (e.g. 
Facebook/Twitter) 


Web-based (phone, 
tablet or PC) 

Email Web-based (phone, 
tablet or PC) 


Relatively accessible to all 


participant, usually 
providing an immediate 
and accurate data point 


tablets support 
applications, and these 
applications must be 
frequently updated 

Not all cell phones and 
tablets support 
photographic submissions 
or GPS locations 


in possession of a cell 
phone, or tablet report 
usually immediate 


Data easily submitted by 
participant 


Data easily submitted by 
participant 


Does not always provide a 
GPS point and not always 
immediate 

Does not always provide a 
GPS point and not always 
immediate 
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Communicate complex ideas simply and com- 
pletely to everyone from politicians to scientists. 
If the purpose of the WROS is to understand and 
resolve the impacts of roads and traffic on wildlife to 
meet safety and conservation goals, then effective 
messaging to many types of audiences through social 
and traditional media is important to support the 
WROS itself as well as the conclusions generated from 
the data. 

Continuous inclusion of broad participant 
types. People with many skills and education levels 
and types are required to make a WROS succeed. 
Social networks of participants (Lesson 62.2) are 
necessary to provide a stream of data. Web program- 
mers and app designers are essential to design effi- 
cient data collection tools and to update them 
regularly. Transportation and wildlife agency staff 
should provide important feedback on what kinds of 
data and analysis are needed for decision support. 
Statisticians and GIS experts are necessary to ensure 
the records collected will be sufficient for rigorous 
data analysis. 

Understand and implement principles of sci- 
entific data collection. Expectations are growing for 
WROS to include rigorous methods for data collection 
to test hypotheses, discover previously unknown rela- 
tionships and increase understanding of the impacts 
of transportation systems. Design the system to 
encourage the collection of high-quality data, allow for 
verification of data quality and include essential infor- 
mation regarding sampling effort and observer skill, 
such that a scientific user is confident that the data and 
subsequent analysis is robust. 

Use web systems, smartphones and social 
media to improve data collection. The metadata 
that can automatically accompany every roadkill 
observation in a web database means that many 
tools can be used to enter or retrieve the data (Olson 
et al. 2014). For example, it is theoretically possible 
to use the metadata attached to an image file 
sent from a smartphone to automatically create a 
roadkill record associated with a known user, geo- 
location and time stamp and potentially other infor- 
mation (such as observation method). What would 
remain is for an expert user to examine the photo- 
graph and update the record to include the animal’s 
identity. Social media tools, such as Twitter or tex- 
ting, could be used to collect such observations 
(Tables 62.1 and 62.2). 

Data collection is a critical input of WROS. 
Highway maintenance staff cleaning up WVC car- 
casses cannot be expected to have the same diligence 


for taxonomy as a dedicated professional biologist vol- 
unteering their time observing WVC. A trade-off exists 
in the data gathered using different schemes and each 
poses challenges in terms of data analysis (see Lesson 
62.5; and see Bird et al. 2014 for review). 


62.4 Analysis and visualisation of data 
collected within a WROS should correspond 
to the goals of the system 


The data collected in WROS are fundamentally spatial 
(i.e. the location of animals along a road), and spatial 
statistics (Chapter 13) are well suited to analyse and 
interpret the data. For example, spatial statistics are 
clearly relevant to (i) mapping the distribution and 
abundance of species (George et al. 2011) and impacts 
to species; (ii) identifying landscape or other factors, 
such as vehicle speed or time of day that are related to 
WVC (Langen et al. 2009); and (iii) statistically deter- 
mining if WVC are clustered in space and/or time, oth- 
erwise known as identifying ‘hotspots’ (e.g. Barthelmess 
2014; Chapter 13). 

There are many tools to measure impacts to species 
from WVC, to determine causes and correlations with 
WVC and for finding places where transportation 
agencies can focus remedial action to reduce impacts 
to wildlife and improve driver safety. Analyses to iden- 
tify non-random clusters of WVC’s (hotspots) have 
utilised Geographic Information Systems (GIS), a 
promising tool where statistics have been used to 
identify spatial clusters (Chapter 13). Examples of 
analytical approaches and methods include the 
Nearest Neighbor Index (e.g. Matos et al. 2012); 
‘SaTScan’, borrowed from epidemiological studies, 
which looks for non-random clusters of events (i.e. 
disease outbreaks); the Getis-Ord Gi statistic for spa- 
tial autocorrelation; and the Kernel density estimator 
plus method for estimating locations of high densities 
of events. 

Maps can be both informative and evocative and 
thus useful in public relations, in scientific reporting 
and in supporting decision-making. Maps should be 
produced regularly, and a GIS is an efficient tool to 
generate and visually display the data (Fig. 62.2). 
Maps should be displayed on the WROS website, as 
well as via other mediums, such as scientific reports 
and social media. These maps typically display the 
locations and rates of WVC for specific species 
or groups of species thereby addressing many of 
the primary motivators for setting up the WROS 
(Textbox 62.2). 
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Figure 62.2 Website graphic of the California Roadkill Observation System (CROS, http://wildlifecrossing.net/california) 
demonstrating visual display of roadkill data submissions. Source: http://www.wildlifecrossing.net/california/map/roadkill. 


62.5 Address issues in reporter bias by 
using standardised data collection methods 
or post hoc analyses 


Considerable investment in both time and money is 
often needed to initially set up and maintain a WVC 
data collection system, although free/open-source tools 
such as EpiCollect (an app) and cartoDB (mapping) are 
available, which will significantly decrease the upfront 
cost of systems. Recruiting and retaining volunteers in 
a WROS can take considerable time investment. The 


trade-off in this time allocation, however, is small when 
considering that volunteers have been shown to collect 
high-quality, usable data (Schmeller et al. 2009) and 
can provide extensive geographical coverage of the type 
that would typically be prohibitively expensive if carried 
out without volunteers. As such, once established, the 
system has the potential to be cost- and time-effective as 
big data are obtained. 

A standardised and systematic approach to data col- 
lection that is user-friendly (and potentially incorpo- 
rating a number of platforms) is the ideal, with clear 
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Textbox 62.2 Road watch: Recording roadkill in South Africa 


Approximately 14,000 people are killed each year on 
roads in South Africa, of which collisions between ani- 
mals and vehicles account for many injuries and human 
mortalities, as well as extensive vehicle damage. 
Insurance claims in South Africa suggest that approxi- 
mately US$150 million is paid each year to drivers due 
to WVC, though the biodiversity costs of these colli- 
sions are never calculated. To address the threat to bio- 
diversity from WVC, the Endangered Wildlife Trust 
(EWT) launched the Wildlife and Roads Project in 2012. 

In the beginning of 2014, a smartphone app, Road 
Watch, was launched to enable the public to submit 
roadkill sightings. This allowed the project to develop 


a sensitivity map of potential areas where wildlife are 
threatened by roads and traffic. Road Watch has been 
publicised in press releases and social media, and the 
Roadkill Research LinkedIn site has over 1000 mem- 
bers from around the globe, the Road Ecology 
Facebook page has almost 800 regularly contributing 
members, and an EWT Roads Twitter account was 
activated in 2014. The project also linked up with 
other reporting systems such as iSpot and Africa 
Live. The volunteer database has almost doubled in 
size from 2013 to 2014, with over 150 volunteers col- 
lecting roadkill data, and over 4000 data points for the 
country. 


designs of how the data will be analysed and reported. 
This will assist with data collected from diverse sources 
that may be biased by taxonomy or location. Once the 
data have been obtained, quality control and assur- 
ance steps (e.g. use of photo verification) are needed to 
reassure users of data quality. While photographs sub- 
mitted in addition to data will help eliminate identifica- 
tion error, one has to consider the safety of the people 
reporting the roadkill and other road users. It is there- 
fore important that all projects provide safety informa- 
tion and issue a liability disclaimer. 


62.6 The advantages and disadvantages of 
opportunistic and targeted data collection 
must be carefully considered when 
developing a WROS 


Opportunistic observations of WVC provide ‘presence- 
only’ data, which identifies locations where WVC occur, 
but not locations where they do not. Opportunistic data 
should be treated cautiously and either used in ‘pres- 
ence-only’ statistical analyses or as a tool to warrant 
further in-depth data collection. In contrast, targeted 
data collection on set transects can provide records of 
where wildlife are not getting killed (e.g. they are safely 
crossing or do not cross, or roadside fencing or other 
mitigations are effective), thereby allowing more robust 
identification of hotspots and the factors influencing 
them. However, targeted data collection will often be 
more costly and time consuming than opportunistic 
data collection, and we therefore recommend both 
data types be collected. The WROS system developed 
by the Road Ecology Center for Maine, United States 


(http://wildlifecrossing.net/maine), includes both tar- 
geted and opportunistic observations by volunteers and 
allows the reporting of ‘no-animal’ observations. 


CONCLUSION 


The flood of options available for reporting wildlife 
sightings is a growing field, and it is easy to become 
bogged down by the availability of so many possibilities 
and examples of implementation. It is therefore impor- 
tant to ensure that clear goals, objectives and desired 
outcomes are in place before implementation occurs. 
A WROS should start with a targeted understanding of 
the methods or components required — that is, what is 
the ‘supply and demand’, in short, who will be using 
the WROS, and what will the data be used for? The 
combination of goals, objectives and methods should 
provide the framework for an implementable system 
that satisfies the users and participants. 


ACKNOWLEDGEMENTS 


F. Shilling thanks David Waetjen (UC Davis) and 
Barbara Charry (Maine Audubon) for their assis- 
tance of the http://wildlifecrossing.net websites. 
W. Collinson thanks Harriet Davies-Mostert, Claire 
Patterson-Abrolat and Shelley Lizzio of the Endangered 
Wildlife Trust and Bridgestone SA for funding. SE 
Perkins thanks Rita Harris and Darren Westcott of 
Project Splatter for their assistance with http://www. 
projectsplatter.co.uk and the Universities Federation 
for Animal Welfare for funding. 


Wildlife/roadkill observation and reporting systems 501 


FURTHER READING 


Bissonette et al. (2008): Estimated the cost to the public and 
drivers from deer—vehicle collisions on state highways, which 
in combination with WVC occurrence data has been very 
useful in proposing driver safety projects to reduce WVC. 

Olson et al. (2014): Outlined methods for collecting WVC 
data using smartphone technology. Code supplied as an 
appendix. 

Paul (2007): Determined that for a highway in Canada there 
was no statistically-significant difference between hotspots 
identified using volunteer-collected data or data collected 
by professionals. 

Schmeller et al. (2009): Surveyed hundreds of volunteer sci- 
ence programmes across Europe and found that the data 
collected by the thousands of volunteers in these pro- 
grammes represented millions of Euros of effort and 
resulted in large, reliable data sets. 
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GLOSSARY 


Acoustic interference Occurs when background 
noise reduces the distance over which a sound can be 
detected 


Adaptive genetic variability Genetic variation 
that contributes to the encoding of a property of an 
organism, and is thus potentially adaptive and under 
natural selection 


Aestivation A period of dormancy during a hot or 
dry period, physiologically similar to the warm season 
version of hibernation when an animal shelters from 
harsh conditions 


Amplitude The volume or loudness of a sound, 
which can be measured in pressure or intensity, both of 
which are expressed in decibels (dB). A-weighted deci- 
bels, abbreviated to dB(A) or dBA, describe the relative 
loudness of sounds in air as perceived by humans 


Arboreal Meaning tree; related to animals that depend 
on trees to provide all or part of their life requirements 


Arboreal crossing structures Wildlife crossing 
structures for arboreal species (e.g. glider pole, rope 
ladder) 


Assignment test Statistical approach to ascribing 
individuals to their most probable natal populations on 
the basis of multiple DNA markers 


At-grade crossing A section of road where animals 
are allowed or encouraged to cross the road by crossing 
the road surface directly 


BACI Before-After-Control-Impact study design, in 
which data are gathered before and after roads or road- 
mitigation measures are constructed. Data from areas 
with roads or mitigation measures (impact) are com- 
pared with data obtained from areas without roads or 
mitigation measures (control) 


Badger pipe A pipe specifically designed to allow 
badgers to pass beneath roads, often with funnel 
fencing 


Barotrauma [Internal injuries to animals caused by 
high-intensity, impulsive underwater sound 


Barrier Any structure that restricts or prevents the 
movement of flora or fauna 


Barrier effect The extent to which roads or other 
linear features prevent, or filter animal movement. The 
barrier effect can be quantified by species, populations 
and so on 


Barrier fencing Wildlife fencing that forms a barrier 
to the movement of wildlife 


Biodiversity The variety of life at any given spatial 
scale including all the levels contained within, includ- 
ing genes, species, communities and ecosystems and 
their complex interactions 


Canopy bridge (also called rope bridge) An aerial 
crossing structure (often made of rope, steel or wood) 
providing a link between tree canopies over roads, allowing 
arboreal wildlife to cross safely 
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Canopy connectivity A method of maintaining 
habitat connectivity across a road for arboreal animals, 
where tall trees are present close to roadsides and/or in 
the centre median and where the adjacent canopies are 
connected or nearly so 


Capture—mark-recapture Method used in ecology 
to estimate population size, where animals are initially 
captured, marked in some way (e.g. tattoo, leg band) 
and then resighted or recaptured at a later date. The 
ratio of marked versus unmarked individuals is used to 
estimate size of the population 


Centre median The strip of land separating the 
lanes of a divided road. Often vegetated with grass, 
shrubs and/or trees 


Chytrid fungus A globally distributed water-borne 
fungal pathogen that can injure and kill amphibians. 
Evidence suggests it can be transferred between species 
and it is partially responsible for the widespread decline 
and disappearance of several amphibian species, partic- 
ularly anurans 


Circadian rhythm Light-driven functions within 
animals and plants that affect growth, development, 
disease resistance, diurnal and seasonal functions, and 
reproduction, as well as animal foraging behaviour 
and avoidance of predation 


Clear zone A strip of land outside the travel lanes of 
a road that improves driver visibility and serves as an 
area for drivers to recover control of vehicles. The clear 
zone is absent of large obstacles (e.g. trees), and may be 
paved, have a gravel surface and/or mowed grass 


Coalescent analysis Describes mathematically the 
properties of samples of genes from their mutational 
processes and genealogical relationships 


Co-evolution Interactions between species that 
impact how both evolve (e.g. bees and pollination of 
flowering plants) 


Connectivity A measure of connectivity between loca- 
tions, based on actual movement of individuals or genes 


Connectivity modelling Analyses to identify how 
environmental features affect genetic or demographic 
connectivity 


Conspecific Of or belonging to the same species 


Contagious development Human developments 
following the construction and upgrading of roads. 
When roads provide access to previously remote areas, 
they open the area up for more roads and developments, 
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thus triggering land-use changes, resource extraction 
and human disturbance 


Coordinated distributed experiment Experiments 
that are conducted collaboratively in different locations, 
using standardised and controlled protocols 


Corridors Linear strips of vegetation or habitat that 
differ from the adjacent areas that allow for the move- 
ment of individuals or genes between discrete habitat 
patches. Corridors may also refer to linear landscape 
elements, such as roads, railways, utility easements, that 
may faciliate or impede movement across the landscape. 


Cumulative effects The increasing impacts result- 
ing from the combination of effects from several pro- 
jects or activities over a period of time. Their assessment 
is called cumulative effect assessment (CEA) 


Cut and fill balance The balance between how 
much earth is extracted and how much fill is required 
during road construction. Ideally, the cut and fill balance 
is zero — where any earth removed during construction 
is used elsewhere on the same project 


Decibel (dB) The unit of measurement for the 
amplitude of a sound, expressed on a logarithmic scale 


Demogenetic modelling Population modelling that 
recognizes the interdependence of genetic and demo- 
graphic factors and integrates them 


Demographic Adjective describing the operation 
and outcomes of four processes in populations — births, 
deaths, immigration and emigration 


Detailed design stage The stage of a road project 
where detailed plans are drawn up showing the exact 
locations and dimensions of every feature of the road 
and having detailed calculations of excavations, fill 
and all other materials needed 


Direct effects The effects of a project or action that 
are a direct and immediate consequence of the project 
or action, without any intervening steps (compare to 
indirect effects). Habitat loss due to clearing for road 
construction is a direct effect 


Dispersal Ecological process that involves the move- 
ment of an individual or multiple individuals away from 
the population in which they were born to another loca- 
tion, or population, where they will settle and reproduce 


DNA Deoxyribonucleic acid, the substance comprising 
the genetic material passed from parents to offspring. 
DNA has major influences on how individuals develop 
and differ from each other 
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DOT Abbreviation for Department of Transportation 


Earth berm A constructed mound of earth, usually 
along the road, to provide a visual screen or absorb sound 


Echo-location The ability to perceive surroundings 
through the echoes of self-generated high frequency 
sounds 


Ecosystem The community of living organisms 
(plants, animals, microbes) and nonliving components 
of their environment (e.g. air, water, soil) interacting as 
a system 


Ecosystem functioning Involves the ecological and 
evolutionary processes, including gene flow, distur- 
bance, pollination and nutrient cycling 


Ecosystem services Benefits such as goods and 
services, provided to society by ecosystems, for example 
production of food and water, control of climate and 
disease, nutrient cycles and crop pollination, and 
spiritual/recreational benefits 


Edge effect Changes in population or community 
structures that occur at the boundary of two landscape 
elements or types 


E-DNA_ Environmental DNA: DNA purified from 
samples such as soil and other ambient materials, 
typically containing complex mixtures derived from 
many organisms 


Effective mesh size (m „), effective mesh density 
(Sa) Metrics for quantifying the degree of landscape 
fragmentation, based on the probability that two 
randomly located points (or animals) in an area are 
connected and are not separated by a barrier (e.g. 
roads, urban area). The smaller the effective mesh 
size, the more fragmented the landscape. The effec- 
tive mesh density gives the effective number of 
meshes per square kilometre, that is the density of the 
meshes. The effective mesh density value rises when 
fragmentation increases. The two measures contain 
the same information, but the effective mesh density is 
more suitable for quantifying trends. See Textbox 5.2 


Effective population size The number of inter- 
breeding adults in a population (smaller than the total 
population because it excludes juveniles, non-repro- 
ductive and post-reproductive individuals) 


Emission spectra The distribution of wavelengths 
emitted by a light source 


Environmental Impact Assessment (EIA) A pro- 
cedure for assessing the impacts on the environment 
likely to result from proposed projects or activities 


Equator principles (EPs) Equator principles (EPs) is 
a credit risk management framework for determining, 
assessing and managing environmental and social risk 
in project finance transactions. The EPs are primarily 
intended to provide a minimum standard for due dili- 
gence to support responsible risk decision-making 


Equator principles financial institutions 
(EPFIs) Equator principles financial institutions 
(EPFIs) commit to only providing loans to projects 
where the borrower will comply with their respective 
social and environmental policies and procedures. 
http://equator-principles.com/index.php/about-ep/ 
about-ep (accessed 2 February 2015) 


Experiment — manipulative An experiment where 
the researcher has control over the study design and 
the manipulation (location, timing, extent, etc.), such 
that the location, number, intensity, and/or timing of 
treatments are included in the design of the experi- 
ment. It is also called ‘true experiment’ 


Experiment — pseudo/natural/non-manipulative/ 
observational An observational study that is 
almost experimental, except that the researcher is not 
in control of the factors that influence the parameter 
of interest, that is the manipulation. For example, a 
study of the effects of road noise on wildlife is observa- 
tional if the researcher measures road noise at a num- 
ber of roads and relates it to the species of interest. By 
contrast, a manipulative experiment is where the noise 
levels are manipulated under the control of the 
researcher and the response of the species of interest is 
recorded 


Experiment — scientific The use of manipulation 
and testing under controlled conditions to understand 
the causal relationship between two or more variables 
while controlling for potential confounding factors. 
Essential components of experiments are the applica- 
tion of a treatment, randomization of the assignment 
of treatment and control sites and replication to 
account for uncontrollable variability among the treat- 
ment and control sites 


External screening Screening (e.g. walls, plant- 
ings, earth berms) along the sides of landbridges and 
at approach areas to wildlife underpasses to reduce the 
amount of noise, light and visual disturbance from 
traffic that can reduce or deter animal use of the 
structure 


Extinction debt Used to denote the number of exist- 
ing populations that will go extinct in the very near 
future because of the changes that have already occurred 


Fecundity Potential reproductive capacity of an 
individual or population 


Fencing — fauna Fencing specifically to prevent 
animals from accessing the road and/or to funnel 
animals towards wildlife crossing structures 


Fencing — game Fencing designed to contain game 
species (e.g. kudu, zebra, impala), common in southern 
Africa. Game fences are typically tall and often 
electrified 


Fencing — stock Fencing designed to contain stock 
(e.g. sheep, cattle). Typically 1.2 m in height, and may 
be electrified 


Flight  diversion/diverter Mitigation measure 
intended to alter the flight path of birds and bats, such as 
poles, fences and walls which encourage higher flight 


Frangible Breakable; often used to describe roadside 
objects/vegetation which are intended to break upon 
impact, rather than remain intact and damage a 
vehicle 


Freeway, expressway, motorway, tollway, auto- 
bahn Major roads with more than two lanes in each 
direction with high traffic speeds, high traffic volume 
and very limited/restricted access points 


Frequency The frequency or pitch of a sound is the 
number of pressure cycles it completes per second, 
measured in Hertz (Hz). Humans can hear across a fre- 
quency range of 20—20,000 Hz 


F,, A classic measure of population genetic differen- 
tiation based on differences in frequencies of genetic 
polymorphisms. It varies in theory between 0 (no differ- 
entiation) and 1 (completely different), although abso- 


lute values depend on details of the genetic assay. 


Furniture, fauna furniture Logs, branches, rocks 
and other enrichment structures placed in wildlife 
crossing structures to provide shelter and/or protec- 
tion from predators 


Gabions A wire container or basket filled with rock 
or other material used in the construction of dams and 
retaining walls 


Gene flow The transfer of alleles or genes from one 
population to another 


Genetic differentiation The level of difference of 
genetic variation among samples 


Genetic diversity The level of variability of genetic 
data within a sample or population, commonly 
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measured through metrics such as heterozygosity 
and allelic richness 


Genetic markers Variable, heritable characters 
that can be detected in a set of individual organisms 
and used for population genetic analysis 


Genetic structure The patterns of genetic variation 
among samples 


Genome The genetic ‘blueprint’ of an individual 


Genomics Technical approaches to studying genomes, 
examining many genes 


Genotypes States at genetic markers scored for 
individual organisms 


Genotypic analyses Analyses based on combina- 
tions of genotypes across multiple loci, that is genotypic 
arrays 


Genotypic clustering A class of analyses that find 
the number of genetic groupings in a set of genotypic 
data and place individuals in one or more of those 
groups 


Glider pole A road-crossing structure for gliding 
animals where tall poles (usually timber) are placed in 
roadsides, centre medians and/or on landbridges in 
lieu of natural canopy connectivity. Glider poles act as 
stepping stones, providing connectivity for gliding 
animals across a habitat gap. 


GPS telemetry Tracking technology for organisms, 
involving Global Positioning System technology 


Green pick Soft, nutrient rich, palatable grasses/ 


herbs 


Habitat The area or environment where an organism 
or community normally lives or occurs 


Hawking Catching flying prey in the air 


Hertz (Hz) 
of asound 


The unit of measurement for the frequency 


Heterozygosity The proportion of genes in an indi- 
vidual in which the two copies (one inherited from the 
mother, one from the father) differ 


Hibernacula A shelter used by animals to escape 
extreme seasonal climates (winter or dry season) by 
undergoing hibernation or torpor 


Highway Major road, usually with more than 
two-lanes in each direction. Has many more access 
points than freeway/expressway/motorway/tollway/ 
autobahn 
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Home range The area an individual accesses during 
its normal daily activities of food gathering, obtaining 
shelter, mating and caring for offspring 


Hop-over A continuous or near-continuous ‘bridge’ 
formed by trees overhanging a road 


Illuminance A measure of the brightness of a light 
source — defined as the total luminous flux incident on a 
surface per unit area, measured in units of lux = lumen 
per square metre 


Indirect effect Impact of one organism, species 
or land use on another that is mediated or transmit- 
ted by a third. Examples include increased rates of 
predation on prey species, as a result of non-native 
predators using a road clearing to access new areas; 
or the avoidance by wildlife of a weed-infested area 
adjacent to a roadway, where the weed infestation is 
due to the presence of the road. Compare to direct 
effects 


Inferential strength The ability of an experiment 
or analysis to adequately / fully answer the question 
posed, that is the validity of the inference that the 
hypothesis tested is true or false, given a set of data. 
Inferential strength relies on the study design, on the 
extent to which one must extrapolate from the context 
in which the study was conducted to the context of 
concern (the particular decision context), on the num- 
ber of competing hypotheses tested, and on adequate 
statistical power 


Insectivorous Description of the diet of a species, in 
this case the eating of insects or arthropods such as 
spiders 


Interaction From an ecological perspective, the 
effects that organisms have on one another. 
Intraspecific interactions involve individuals of the 
same species; interspecific are individuals of different 
species 


Internal screening Screening, such as earth 
berms, fencing or dense plantings installed on multi- 
use crossing structures to demarcate and/or provide 
screening between the wildlife zone and human use 
zone. See also external screening. 


Isolation-by-resistance A pattern in which gene 
flow is restricted by differential ability of organisms to 
move through different types of habitat more than by 
distance alone 


Land bridge, landscape bridge, ecoduct, green 
bridge Overpass, mostly wider than 50m (some 


designs for specific species or situations approx 20 m 
wide), with natural vegetation and habitat elements 


Landscape fragmentation The physical process 
where habitats become separated, usually through 
clearing and dividing of habitat 


Landscape genetics A discipline combining land- 
scape ecology and population genetics, used here as a 
catch-all for the broad application of genetics in ecologi- 
cal management. Landscape scale planning - Planning 
in a wider area than the local scale or infrastructure 


Light intensity Number of photons per wavelength 
striking photoreceptors per second, measured as pmol 
m-2:s-! 


Low-formation road A road that is level with the 
surrounding ground, lacking significant fill and raised 
embankments 


Lumen Luminous flux or power from a light source, 
measured as candela steradian 


Mantel tests A classic non-parametric statistical 
approach for estimating associations among two or 
more matrixes. Mantel tests account for non- 
independence of pairwise data by permutations 


Mass migration Seasonal and round-trip movement 
in aggregations that include hundreds to thousands of 
animals 


Mesopredator Predator in the mid-trophic levels, 
such as opossums, raccoons and skunks 


Meta-analysis The quantitative evaluation using 
a specific set of statistical methods to compare and 
synthesise the results of multiple studies 


Metapopulation Set of local populations of a species 
within some larger area, where genetic diversity is 
maintained by the dispersal of individuals from one 
local population to another 


Microchip An identifying integrated circuit placed 
under the skin that can be read with a scanner 


Microhabitat Small-scale differences in habitat 


Microsatellite Class of highly resolving DNA locus 
often applied in molecular population biology 


Migration Journey undertaken by some species in 
response to changing seasons or climatic events, such 
as rainfall 


Mitigation Methods used to eliminate or minimise 
the negative impacts of developments 


Mitochondrial DNA (mtDNA) DNA within the 
mitochondria found within cells, typically inherited 
through the maternal line in animals 


Mitochondrial DNA sequencing markers Genetic 


markers based on obtaining mtDNA sequences 


Molecular ecology A field of evolutionary biology 
that uses molecular population genetics, phylogenetics 
and genomics to address ecological questions. 


Monitoring A form of research where repeated 
measurements or observations are taken over time, 
usually to assess the change in a parameter over time 
or in response to a disturbance/intervention 


Non-frangible Non-breakable; often used to describe 
roadside objects/vegetation which do not break upon 
impact, and may damage a vehicle 


Non-invasive sampling Obtaining observations or 
genetic samples without the need for capturing 
individuals 


Overpass A road or wildlife crossing structure that 
facilitates movements over/above the road 


Parentage analysis Attribution of offspring to par- 
ents based on genotypic data 


Paved road Road surface made with asphalt, bitu- 
men, concrete or tarmac; also called ‘metalled’ in 
Britain, or ‘sealed’ in Australia and New Zealand. 


Pearson correlation coefficient A measure of the 
degree to which two variables are correlated. Pearson 
correlation is the linear relationship between two varia- 
bles, ranging from —1.00 (perfect negative correlation), 
through O (no linear relationship) to +1.00 (perfect 
positive correlation). 


Photoperiod Duration of daily exposure to light 


Photoreceptor Specialized cells (found in the reti- 
nae of an animal’s eye) sensitive to light 


Polymerase chain reaction (PCR) A molecular 
biology reaction that produces many (millions) 
of copies of defined regions of DNA 


Polymorphism Polymorphic locus which has more 
than one allele 


Precautionary principle A principle to guide 
decision-making in the absence of scientific certainty 
which states that precautionary measures should be 
taken when an activity may harm human health or the 
environment and that the proponent for an activity 
must prove that the action will not cause harm 
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Resilience The ability of an ecosystem to respond to 
a perturbation or disturbance by resisting damage and 
recovering quickly 


Right of way The entire width of the reserved strip 
of land on which the linear infrastructure is built. 


Rip rap Medium- to large-sized rocks and boulders, 
usually placed at the foot of embankments or bridge 
abutments and piers to prevent scouring and erosion 
during floods 


Road avoidance Avoidance by wildlife of the road 
due to a lack of cover and/or to the character of the 
road, roadside and pavement which is different from 
natural habitat 


Road ecology Science that seeks an understanding 
of the interactions between roads/railways/utility 
easements etc and the natural environment, including 
wildlife, natural resources, land use and climate 
change 


Roadkill Animals that have died as a result of colli- 
sions with vehicles on roads 


Roadkill — hot moment Periods of time with more 
wildlife-vehicle collisions (WVCs) than expected by 
chance, or an aggregation of road-kills in time 


Roadkill—hotspot Road stretches with more WVCs 
than expected by chance, that is, aggregation of road- 
kills in some road stretches 


Roadless area An area of land that is not dissected by 
aroad, and are thus relatively undisturbed by humans 


Road profile (at grade/below grade/above 
grade) Position of the road or linear infrastructure 
relative to the surrounding land: roads above grade 
may be elevated by fill/soil, or built on bridges or culverts 
and roads below grade are built within a cut 


Road reclamation The physical treatment of a 
roadbed to restore the form and integrity of associated 
hillslopes, channels and flood plains and their related 
hydrologic, geomorphic, and ecological processes 
and properties. Also known as road removal or road 
decommissioning 


Road shoulder The section of the road between the 
traffic zone and the road edge which is generally kept 
clear of vehicular traffic. It is often used as an emer- 
gency or break down lane/area 


Roadside Area adjacent to travel lanes, generally 
includes the road shoulder and the road verge 
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Road-traffic noise The noise generated by vehicles 
travelling on a road 


Road verge The vegetated area adjacent to roads; 
generally located outside the road shoulder 


Secondary roadkill Predators that have become 
road-kill themselves as a result of their presence at 
road-kill 


Sedentary Tends to stay in one place, not moving long 
distances 


Spatial autocorrelation A statistical technique 
that relates some kind of similarity in pairs of individu- 
als (or samples) to the geographic distance between 
them 


Spectroradiometer Instrument designed to meas- 
ure the spectral distribution, power and intensity of 
light from a source, reflected, transmitted or absorbed 


Speed bump Raised band or strip of paving material 
placed across the road to reduce vehicle speed 


Statistical power The ability of a statistical test or 
analysis to detect a relevant effect, should one exist 


Strategic environmental assessment (SEA) An 
assessment of a proposed plan, policy or program that 
incorporates social, economic and environmental 
sustainability. SEA exists above the single project and are 
of particular interest for assessing the landscape-scale 
effects of roads and road networks 


Study class With respect to research and monitor- 
ing, study class relates to whether the study is manipu- 
lative or non-manipulative. In manipulative studies, 
the researcher has control over the variable of interest 
and the response to manipulating it is measured. Non- 
manipulative studies (sometimes called observational 
or natural experiments) occur when the researcher 
takes advantage of changes that have happened (by 
using existing data) or are about to happen (by taking 
measurements, i.e. making observations) to under- 
stand its effect 


Study type With respect to research and monitor- 
ing, study type describes whether measurements are 
taken before, during and after manipulation or treat- 
ment and if it includes impact and/or control sites. 
Studies with the greatest inferential strength are 


BACI — measurements taken before and after at control 
and impact sites 


Success rate The number of individual animal 
movements through a crossing structure as a propor- 
tion of the number of approaches 


Surface tunnel Wildlife underpass designed to min- 
imise tunnel length with a slotted top that forms a part 
of the wearing course of the road surface 


Target species The species or group of species for 
which the mitigation is intended 


Taxa (singular - Taxon) A classification or group- 
ing of animals such as a class (e.g. mammal) or life-his- 
tory-related characteristic (e.g. ground-dwelling birds) 


Tracking surveys Following the movement path of 
an animal by reading and recording locations of animal 
footprints 


Thermoregulation The ability of an organism to 
keep its body temperature within certain limits, even 
when the surrounding temperature varies 


Traffic disturbance avoidance Avoidance of roads 
from a distance due to traffic disturbance (e.g. lights, 
noise, chemical emissions) 


Underpass A road or wildlife crossing structure that 
facilitates the movements of things under the road 


Unpaved road A road without a bitumen, asphalt, 
concrete or cobble-stone surface 


Vegetated median Where the centre median of a 
divided road contains vegetation, in some cases suita- 
ble for use by some species of wildlife. Tall trees in the 
median can provide canopy connectivity across a 
divided road, potentially assisting the movement of 
birds, bats and arboreal animals 


Water-shedding Process where roads concentrate 
water at their edges, as water runs off the road surface 
from the centre of roads 


Wildlife crossing structure Any structure designed 
and purpose built to facilitate the safe movement of 
wildlife across roads 


WVC Wildlife-vehicle collisions - when wildlife are 
hit by moving vehicles. 


SPECIES 


African civet 
African grass owl 
African rock python 
African wild dog 
American bison 
American black bear 
Amphibians 

Amur tiger 
Antelope 

Asiatic leopard 
Asiatic wild ass 
Atlantic salmon 
Axis deer 

Bactrian camel wild 
Badger-European 
Bank vole 

Barking deer 

Barn owl 

Barn swallow 

Bats 

Bechstein’s bat 
Beecroft’s scalytailed 
squirrel 

Bighorn sheep 

Birds 


Black and white colobus 


Black kite 
Black locust 
Black rat snake 
Black rhino 


Civettictis civetta 
Tyto capensis 

Python sebae 

Lycaon pictus 

Bison bison 

Ursus americanus 
Amphibia 

Panthera tigris altaica 
Bovidae 

Panthera pardus fusca 
Equus hemionus 
Salmo salar 

Axis axis 

Camelus ferus 

Meles meles 
Clethrionomys glareolus 
Muntiacus muntjak 
Tyto alba 

Hirundo rustica 
Chiroptera 

Myotis bechsteinii 
Anomalurus beecrofti 


Ovis canadensis 

Aves 

Colobus angolensis 
Milvus migrans 
Robinia pseudoacacia 


Pantherophis alleghaniensis 


Diceros bicornis 


Black wattle 

Black wildebeest 
Black-backed jackal 
Blackcap 
Black-necked crane 
Black-tailed gazelle 


Blackthroated blue warbler 


Blesbok 
Blue morning glory 
Blue wildebeest 


Bluespotted salamander 


Bobcat 
Boneseed 


Bramble 


Brazilian free-tailed bat 


Bream 

Brown bear 
Brown hare 
Brown hyaena 
Brown pelican 
Brown treecreeper 
Bullock’s oriole 
Bushveld gerbil 
Cabrera’s vole 
California vole 
Cane toad 


Capybara 
Caribou 


Acacia mearnsii 
Connochaetes gnou 
Canis mesomelas 
Sylvia atricapilla 

Grus nigricollis 
Gazella subgutturosa 
Dendroica caerulescens 
Damaliscus dorcas 
Ipomoea indica 
Connochaetes taurinus 
Ambystoma laterale 
Lynx rufus 
Chrysanthemoides 
monilifera 

Rubus spp. 

Tadarida brasiliensis 
Abramis brama 

Ursus arctos 

Lepus europaeus 
Parahyaena brunnea 
Pelecanus occidentalis 
Climacteris picumnus 
Icterus bullockii 

Tatera leucogaster 
Microtus cabrerae 
Microtus californicus 
Rhinella marina or Bufo 
marinus 


Hydrochoerus hydrochaeris 


Rangifer tarandus 


Handbook of Road Ecology, First Edition. Edited by Rodney van der Ree, Daniel J. Smith and Clara Grilo. 
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd. 


Companion website: www.wiley.com\go\vanderree\roadecology 


509 


510 Species 


Carp-Common 

Cheetah 

Chinook salmon 

Chital 

Common brushtail possum 
Common chimpanzee 
Common European adder 
Common impala 
Common lizard 

Common musk turtle 
Common pheasant 
Common raven 

Common redshank 
Common snapping turtle 
Common spadefoot toad 
Common toad 

Coyote 

Crustaceans 


Desert bighorn sheep 
Desert kangaroo rat 
Desert tortoise 
Diamondback terrapin 
Domestic cat 
Domestic dog 

Dwarf crocodile 
Eastern box turtle 
Eastern chipmunk 
Eastern diamondback 
rattlesnake 

Eastern grey kangaroo 
Eastern hognosed snake 
Eastern massasauga 
rattlesnake 

Eastern newt 
Elephant-African 
Elephant-Indian 

Elk 

Eurasian lynx 
Eurasian red squirrel 
European eel 
European rabbit 
European robin 
European roe deer 
European tree frog 
European wildcat 


Cyprinus carpio 
Acinonyx jubatus 
Oncorhynchus tshawytscha 
Axis axis 

Trichosurus vulpecula 
Pan troglodytes 

Vipera berus 

Aepcyros melampus 
Zootoca vivipara 
Sternotherus odoratus 
Phasianus colchicus 
Corvus corax 

Tringa tetanus 

Chelydra serpentina 
Pelobates fuscus 

Bufo bufo 

Canis latrans 

Form a large group of 
invertebrates which 
includes, for example 
crabs, crayfish, shrimp, 
copepods or barnacles, but 
also the terrestrial 
woodlice 

Ovis canadensis nelsonii 
Dipodomys deserti 
Gopherus agassizii 
Malaclemys terrapin 
Felis catus 

Canis familiaris 
Osteolaemus tetraspis 
Terrapene carolina 
Tamias striatus 
Crotalus adamanteus 


Macropus giganteus 
Heterodon platirhinos 
Sistrurus catenatus 
catenatus 
Notophthalmus viridescens 
Loxodonta africana 
Elephas maximus indicus 
Cervus elaphus 

Lynx lynx 

Sciurus vulgaris 
Anguilla anguilla 
Oryctolagus cuniculus 
Erithacus rubecula 
Capreolus capreolus 
Hyla arborea 

Felis silvestris 


Fallow deer 
House mouse 
Finless porpoise 
Firethorn 
Fisher 

Florida key deer 


Florida panther 
Forest elephant 
Fountain grass 


Gambel’s quail 
Gaur or Indian bison 
Gazelles 


Genet 

Giant panda 

Giant squirrel 

Gopher tortoise 

Grain wart ground beetle 
Grass snake 

Gray/Grey wolf 

Great crested newt 
Great tit 

Greater kudu 

Greater mouse-eared bat 
Greater sage-grouse 
Green and golden bell frog 
Green bush-cricket 
Green snake 

Grey shrikethrush 

Grey squirrel 

Grizzly bear 

Growling grass frog 
Harbour porpoise 
Hawk-moth 

Hazel grouse 

Hedgehog 

Hermit beetle 

Highway iceplant 
Hilgert’s vervet monkey 


Hoary bat 

Hyena 

Ibean yellow baboon 
Iberian hare 

Iberian lynx 

Ide 

Indo-Pacific humpback 
dolphin 

Insects 


Dama dama 

Mus musculus 
Neophocaena phocaenoides 
Pyracantha spp. 

Martes pennanti 
Odocoileus virginianus 
clavium 

Puma concolor coryi 
Loxodonta cyclotis 
Pennisetum Cenchrus 
setaceum 

Callipepla gambelii 

Bos gaurus 

Nangera granti and Gazella 
thomsoni 

Genetta genetta 
Ailuropoda melanoleuca 
Ratufa indica 

Gopherus polyphemus 
Carabus cancellatus 
Natrix natrix 

Canis lupus 

Triturus cristatus 

Parus major 

Tragelaphus strepsiceros 
Myotis myotis 
Centrocercus urophasianus 
Litoria aurea 

Tettigonia viridissima 
Phylodryas aestiva 
Colluricincla harmonica 
Sciurus carolinensis 

Ursus arctos horribilis 
Litoria raniformis 
Phocoena phocoena 
Macroglossum stellatarum 
Bonasa bonasia 

Erinaceus europaeus 
Osmoderma eremita 
Carpobrotus sp. 
Chlorocebus pygerythrus 
hilgerti 

Lasiurus cinereus 

Hyaena hyaena 

Papio cynocephalus ibeanus 
Lepus granatensis 

Lynx pardinus 

Leuciscus idus 

Sousa chinensis 


Insecta 


Jaguar 

Kangaroos 

Kiang 

Kinkajo 

Kulan 

Lace monitor 

Lava lizard 

Least chipmunk 
Least weasel 

Leopard 

Lesser horseshoe bat 
Lesser long-nosed bat 
Lion 

Little fire ant 

Little owl 

Lord Derby’s scalytailed 
squirrel 
Macrozoobenthos 


Malayan tapir 

Malayan tiger 
Manchurian hare 
Marram 

Marsh owl 

Massasauga rattlesnake 
Meadow vole 

Mesquite 

Mitchell’s hopping mouse 
Mojave fringetoed lizard 
Mongolian gazelle 
Mongoose 

Moor frog 

Moose 

Mountain pygmy possum 
Mule deer 

Mulga 

Musk beetle 

Nashville warbler 

Nene 

Nilgai 

North American elk 
Northern goshawk 
Northern hairynosed 
wombat 

Northern leopard frog 
Northern two-lined 
salamander 

Northern wheatear 


Panthera onca 

Macropus spp. 

Equus kiang 

Potos flavus 

Equus hemionus 

Varunus varius 
Microlophus albemarlensis 
Tamias minimus 

Mustela nivalis 

Panthera pardus 
Rhinolophus hipposideros 
Leptonycteris yerbabuenae 
Panthera leo 

Wasmannia auropunctata 
Athene noctua 
Anomalurus derbianus 


Consists of a taxonomic 
selection of the fauna 
larger than ca. 1 mm that 
lives at the bottom of a 
water body 

Tapirus indicus 

Panthera tigris jacksoni 
Lepus mandschuricus 
Ammophila arenaria 
Asio capensis 

Sistrurus catenatus 
Microtus pennsylvanicus 
Prosopis glandulosa hybrids 
Notomys mitchellii 

Uma scoparia 

Procapra gutturosa 
Herpestes edwardsii 
Rana arvalis 

Alces alces 

Burramys parvus 
Odocoileus hemionus 
Acacia aneura 

Aromia moschata 
Vermivora ruficapilla 
Branta sandvicensis 
Boselaphus tragocamelus 
Cervus canadensis 
Accipiter gentilis 
Lasiorhinus krefftii 


Lithobates pipiens 
Eurycea bislineata 


Oenanthe oenanthe 


Oleander 
Osprey 
Ovenbird 

Owls 

Painted turtle 
Pallid bat 
Pampas grass 
Passerines 

Pels fishing owl 
Peregrine falcon 
Peruvian pepper 
Peter’s Angola colobus 


Peter’s duiker 
Phasianidae 


Pike-Northern 

Polar bear 

Polecat 

Potto 
Pronghorn/pronghorn 
antelope 

Przewalski’s wild horses 
Puff adder 

Quagga 
Rabbit-European 
Rat-Black 

Rat-Brown 

Rattle grasshopper 

Red crab 

Red deer 

Red fox 

Red kangaroo 
Red-backed salamander 
Red-necked wallaby 
Red-sided garter snake 


Reptiles 
Otter-European 
Otter-North American 
River 

Rock bunting 
Rock monitor 
Rodents 

Roe deer 
Rotund disc 
RoyaltTern 
Sable 
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Nerium oleander 
Pandion haliaetus 
Seiurus aurocapillus 
Strigiformes 
Chrysemys picta 
Antrozous pallidus 
Cortaderia selloana 
Passeriformes 
Scotopelia peli 

Falco peregrinus 
Schinus molle 

Colobus angolensis 
palliatus 

Cephalophus callipygus 
Family of birds which 
includes pheasants 
partridges and quail, 
junglefowls, chickens and 
peafowls 

Esox lucius 

Ursus maritimus 
Mustela putorius 
Perodicticus potto 
Antilocapra americana 


Equus ferus caballus 
Bitis arietans 

Equus quagga 
Oryctolagus cuniculus 
Rattus rattus 

Rattus norvegicus 
Psophus stridulus 
Gecarcoidea natalis 
Cervus elaphus 
Vulpes vulpes 
Macropus rufus 
Plethodon cinereus 
Macropus rufogriseus 
Thamnophis sirtalis 
parietalis 

Reptilia 

Lutra lutra 

Lontra canadensis 


Emberiza cia 
Varanus albigularis 
Rodentia 

Capreolus capreolus 
Discus rotundatus 
Thalasseus maximus 
Martes zibellina 
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Sage-grouse 
Saiga antelope 


Centrocercus sp. 
Saiga tatarica tatarica 


Tibetan antelope 
Tibetan gazelle 


Pantholops hodgsonii 
Procapra picticaudata 


Panthera tigris 
Ambystoma tigrinum 


(mainly Kazakhstan and Tiger 
Russia) and Saiga tatarica Tiger salamander 


Mongolica (in Mongolia) tigrinum 
Sand lizard Lacerta agilis Timber rattlesnake Crotalus horridus 
Scimitar horned oryx Oryx dammah Tree kangaroos Dendrolagus spp. 
Scrub hare Lepus saxatilis Water vole Arvicola sapidus and 
Sea turtles Chelonioidea Arvicola terrestris 
Seal salamander Desmognathus monticola Weasels Mustelidae 
Sedge wren Cistothorus platensis White fruit bat Ectophylla alba 


Siberian roe deer 
Siberian weasel 
Sloth bear 

Slow worm 

Song sparrow 


Southern brown bandicoot 


Southern cassowary 


Spotted eagle owl 
Spotted hyena 
Spotted turtle 
Spring peeper 
Springbok 
Spurfowl 
Squirrel glider 
Stag beetle 
Steppe grasshopper 
Stoat 

Stone marten 


Straw-coloured fruit bat 


Sugar gum 
Sun bear 
The elk or wapiti 


Capreolus pygargus 
Mustela sibirica 
Melursus ursinus 
Anguis fragilis 
Melospiza melodia 
Isoodon obesulus 
Casuarius casuarius 
johnsonii 

Bubo africanus 
Crocuta crocuta 
Clemmys guttata 
Pseudacris crucifer 
Antidorcas marsupialis 
Pternistes swainsonii 
Petaurus norfolcensis 
Lucanus cervus 
Chorthippus dorsatus 
Mustela erminea 
Martes foina 

Eidolon helvum 
Eucalyptus cladocalyx 
Helarctos malayanus 
Cervus canadensis 


White-footed mouse 
White-spotted char 
White-tailed deer 


White-throated treecreeper 
Wild boar wild or feral pig 


Wild turkey 

Wild yak 
Wildebeest 

Winter wren 
Wolverine 

Wood frog 

Wood turtle 
Woodland caribou 


Woodland jumping mouse 


Yellow baboon 
Yellow-backed duiker 
Yellow-bellied marmot 


Yellow-throated marten 


Zanzibar red colobus 


Zanzibar Sykes’ monkey 


Zebra 


Peromyscus leucopus 
Salvelinus leucomaenis 
Odocoileus virginianus 
Cormobates leucophaea 
Sus scrofa 

Meleagris gallopavo 
Bos grunniens 
Connochaetes gnu 
Troglodytes troglodytes 
Gulo gulo 

Rana sylvatica 
Glyptemys insculpta 


Rangifer tarandus caribou 


Napaeozapus insignis 
Papio cynocephalus 
Cephalophus silvicultor 
Marmota flaviventris 
Martes flavigula 
Procolobus kirkii 
Cercopithecus mitis 
albogularis 

Equus burchelli/ Equus 
quagga/ Equus zebra 
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accounting model in biodiversity offset 57 road location planning requirements 263 
acoustic interference 153 see also road noise road mortality vulnerability, South Africa 442 
additionality principle 52 roadkill analysis 104-8, 104, 105, 107 
Africa see East Africa; Serengeti—Mara ecosystem; South Africa species traits 244 
African wild dog case study 322-4 animal detection systems 181, 200, 201, 203, 210, 350 
fence use by dogs for hunting 322-3 applications 209 
road mortality 323, 324 on-board systems 350 
agricultural yield increase 12 railways 225 
Amazon rainforest 414-22 stepwise approach 204-8 
deforestation 11, 11 animal tracking 88-91, 91 
misconceptions about 421 animal tracks 85, 87 
predictive models 420 Appian Way, Italy 2 
governance scenario consequences 421-2 arboreal animals 334-9 
illusory benefits of roads 417-20 canopy connectivity measures 335-6 
need for environmental safeguards 422 canopy bridges 175, 176, 336, 336 
road construction impacts 21, 415, 416 effectiveness 336 
contagious development 415-17, 417 glider poles 175, 176, 336, 336, 337 
road length 11 see also tropical environments importance of 335 
amphibian tunnels 174, 175, 264-5, 265 potential use by predators 338 
amphibians 243-4, 261-9 fencing and underpass provision 337, 338 
behavioural responses to roads and traffic 244 primate case study, Diani, Kenya 341-3, 342, 343 
mitigation measures 263-9 research needs 337-9 
crossing structures 174, 175, 263-5, 264, 265 tree clearance avoidance 335 
effectiveness research need 269 ArcGIS software 106, 107 
fencing 265-6 Argentina 409, 411-12 
maintenance issues 267, 268 aridlands 383-9 
replacement ponds 266, 266-7 animal attraction to roads 383-5 
traffic management during migrations 267 increased wildlife—vehicle collisions 385 
population-level effects 243 management to reduce attraction 387-9 
responses to artificial light 146-7 habitat fragmentation 385-7, 386-7 
road construction impacts 262-3 new road planning considerations 389 
avoidance of 263 vegetation quality beside roads 383, 384 
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Asian countries best practice guidelines and manuals 480-482 
biodiversity information requirements 435-7 audience for 480 
cross-jurisdictional boundary issues 431-5 mitigation measure description 481-2 
collaboration and coordination requirements 434—5 identification of ineffectual measures 482 
environmental impact assessments 431-4 monitoring scheme description 482 
non-road linear infrastructure potential impact 437 negative road impact description 481 
regulatory frameworks 431 see also China; India; purpose of 480 
Kazakhstan; Mongolia revision time frame 482 
Asian Highway Network 473-4 scientific basis 481 
Asiatic wild ass 473, 474,475 spatial planning context 482 
auditory deterrents 215 structure of 481 
ineffectiveness of 216 biodiversity 
averted loss of biodiversity 54-5 creation of 54-5 
enhancement 54-5 
BACI study design 75,115 neglect of issues in environmental impact 
Bandipur Tiger Reserve, India 318-20, 319, 426 assessments 33, 34 
barotrauma, road construction noise related 156 roadless areas as reservoirs 17 
barrier effects urban environments 392-3 
amphibians 262 biodiversity offsets 52 
arid lands 385-7, 386-7 additionality principle 52 
bats 292 definition 52 
carnivores 301-2 design elements 56-7 
fish 365-7, 366 methods of generating gains 53, 54 
prevention of 368-70 ‘no net loss’ concept 52, 54-5 
genetic study 115 anticipation of uncertainty and risk 55, 57 
invertebrate movements 250-251, 251 management and governance for 55-7 
large herbivores 345-6 birds 242-3, 281-7 
Kazakhstan and Mongolia 475 artificial light responses 146, 282 
potential impact of proposed Serengeti road 462 behavioural responses to roads and traffic 243, 282-3 
railways 222 flight diverter benefits 284-5, 285 
reptiles 277 mortality 282-4, 283 
small mammals 327 population-level effects 242 
South Africa 444-5, 444 road construction and maintenance issues 284 
tropical rainforests 399 see also landscape fragmentation road noise impacts 79, 152-5, 282 
bats 290-298 mitigation measures 286-7 
artificial light responses 146, 293-4 species traits 242-3 
diversity of 291 wildlife crossing structure significance 285-6 
flight styles related to habitat use 292, 293 black bears 
mitigation measures 294—7 hair collection for DNA analysis 92, 92 
hop-overs 297 road mortality 302 
underpass use 294-7, 295, 296 influencing factors 303-4, 303 
wire gantries 297 roadside vegetation management for, British 
road impacts on 292 Columbia 379, 379 
barrier effects 292 Bolivia, contagious development effects 22, 22 
traffic noise 294 Brazil 
vehicle collisions 293 Manaus-Porto Velho highway proposals 418-19, 419 
roost and foraging site protection during National Wildlife Roadkill Database 409 
construction/maintenance 294 road ecology as an emerging discipline 410-412, 
behavioural responses to roads 5-6, 238, 239 411,412 
amphibians 244 road network expansion 408, 409 
attraction 5-6, 238 impacts on protected areas 410 see also Amazon 
in arid lands 383-5 rainforest 
avoidance 5,238 Brazilian Road Ecology Centre (CBEE) 409 
road noise avoidance 79, 152-3 Burundi see East Africa 
birds 243 
mammals 242 California Roadkill Observation System (CROS) 493, 499 


reptiles 244, 272, 385 camera traps 85-8, 88 


Canadian Environmental Assessment Act (1995) 33 
canopy connectivity 335-6, 336 
canopy bridges 175, 176, 336, 336 
primate case study, Diani, Kenya 341-3, 342, 343 
glider poles 175, 176, 336, 336, 337 
tropical rainforests 403 
car ownership 3 
carbon sequestration by road reclamation 23 
Cardiff University Otter Project 493 
carnivores 300-310 
African wild dog case study 322-4 
crossing structure requirements 305-8, 306, 307 
fencing applications 309, 309 
jaguar case study, Mayan Forests 313-15, 314, 315 
threats to population persistence 302—4 
influences of road and landscape features 304-5 
tiger case study, India 317-20 
vulnerability related to home range and dispersal 
distances 301-2 see also specific species 
Central Asian Highway Network 473-4 
China 465-70 
recently adopted road ecology principles 466-7 
research needs 470 
road and railway network expansion 466 
wildlife-sensitive road designs 467-8 
crossing structures 468, 469 
China Academy of Transportation Sciences (CATS) 466-7 
research projects 467 
Christmas Island, red crab protection 258-60, 259, 260 
CI (control-impact) study design 75,115 
cities see urban environments 
climb-outs 168 
colobridge case study, Diani, Kenya 341-3, 342, 343 
Colombia, road network expansion 408 
community of practice (CoP) 488-9 
development of 490-491 
Compton Road, Australia 393, 393 
Concord Pacific, Malaysia 13 
conservation NGOs see non-governmental organisations 
contagious development effects 21-2 
Amazon rainforest 415-17, 417 
Bolivia 22 
Cooperation in Science and Technology (COST) Action 
341 489 
coordinated global experiments 79 
creation of biodiversity 54-5 
crossing structures see wildlife crossing structures 
culverts 368-70 
as barriers to fish movement 365-7, 366 
prevention 368-70, 369 
design issues 362, 362 
simulation of natural channel 367-78 
use as crossing structures 177, 177, 178, 286, 306-7 
amphibians 265 
birds 286 
carnivores 305-7, 306 
reptiles 276 
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structural enhancements 306-7, 307 
tropical roads 403 see also underpasses 
cumulative effects 34-5 
thresholds 35-6, 36 
cumulative effects assessment (CEA) 33 


data collection 83 
landscape-scale data 85 
local-scale data 84-5 
requirements 92-3 see also monitoring; research; 
survey techniques; wildlife/roadkill observation 
systems (WROS) 
de-icing salts, bird attraction to 283 
deforestation 11, 11 
road impact 21 see also Amazon rainforest 
developing countries, road construction in 402 
DNA analysis 91-2, 92 see also genetic studies 
drainage culverts see culverts 


East Africa 448-53 
direct road impacts 450 
documentation requirements of movements and 
migrations 481-2 
indirect road impacts 451 
mitigation measures 452 
road characteristics 449, 450 
road ecology study sites 451 
road network expansion plans 449, 450 
need to avoid protected areas 452 see also 
Serengeti—Mara ecosystem 
ecoducts 175, 176 
ecological corridor maintenance 38-9 
ecosystem services, roadless and low-traffic areas 17 
effective mesh density 38, 38, 39 
effective mesh size 38, 39 
effective population size 111 
electric fencing 168 
South Africa 444, 444 
electromagnetic spectrum 145 
elephants 
case study, Mount Kenya 353-5, 354, 355 
hunting impact, Africa 11, 12 
enhanced warning signs 199-200, 200, 203, 203 
enhancement of biodiversity 53-5 
environmental impact assessment (EIA) 30, 33, 44 
cross-jurisdictional boundary issues, Asia 431-4 
data collection 83 
invertebrate inclusion 251-2 
mitigation recommendations 49—50 
neglect of biodiversity issues 33, 34 
poor quality of 33-5 
presentation of findings 45 
scope of 44, 45-9 
South American countries 408, 409 
structural template 46-9 
survey methods 44-5 
technical advice 44 
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exclusion fences see fencing 
extinction debt 36 


fencing 160, 161 
alternatives to 165-6 
animal exclusion during road construction 63 
design issues 162-5, 164 
amphibians 265-6 
arboreal animals 337 
carnivores 309, 309 
large herbivores 349-50 
reptiles 275-6, 275 
electric fencing 168 
elephant fenced corridor and underpass case study, Mount 
Kenya 353-5, 354, 355 
escape methods following breaches 166-8, 167 
fence ends and breaks 168-9, 168 
fenced verge benefits for small mammals 327-8 
fragmentation effect 444-5 
funnelling animals towards crossing structures 160, 
179, 309 
maintenance 169, 267, 268 
Mongolia, barrier effects of 475, 476 
railways 225 
South Africa 444-5, 444 
negative effects of 444-5, 444 
wildlife—vehicle collision prevention 160-162, 161, 163 
roads in aridlands 388 
field survey methods 44-5 
fish 365-71 
barrier effects 365-7, 366 
prevention 368-70 
migrations 365, 366 
road construction noise effects 156 
road impacts on habitat 365 
mitigation planning 367 
swimming ability 366-7 see also streams 
fish ladders 370, 371 
flight diverters 
bats 297 
birds 284-5, 285 
forests 
deforestation 11, 11 
road construction impact 21 
industrial linear corridors 231, 233-4 see also Amazon 
rainforest; tropical environments 
fragmentation see landscape fragmentation 
frogs, roadkill analysis 104-8, 104, 105, 107 see also 
amphibians 


gene flow 111 
genetic studies 91-92, 92,111 
applications in road ecology 111-12, 113 
direct and indirect approaches 114 
patterns of genetic variation 112-13 
genetic differentiation 112-13 
genetic diversity 112 
study design 115 


Geographic Information System (GIS) 106 
Germany, landscape fragmentation limitation 39 
glider poles 175, 176, 336, 336, 337 
effectiveness 336 
Global Positioning System (GPS) data, wildlife-vehicle 
collision data collection 103 
global road length 3 
predicted growth 3 
global road-mapping scheme 13-14, 14 
global roadless map 18 
Google Earth 106 
great tits, road noise avoidance 152-3 
greater sage-grouse, road noise avoidance 152 
green and golden bell frog, Australia 45, 45 
green bridges 175, 176 
grey shrike-thrush, road nose effects 154-5 
guidelines see best practice guidelines and manuals 


habitat connectivity see canopy connectivity; wildlife 
corridors; wildlife crossing structures 
habitat degradation 4-5 
amphibians 262-3 
carnivores 301-2 
invertebrates 249-50 
small mammals 326 
habitat fragmentation see landscape fragmentation 
habitat loss 4 
hair collection for DNA analysis 92, 92, 116 
hearing loss related to road noise 153-6 
high-speed railways (HSR) 220 
home range impact on vulnerability, carnivores 301-2 
hop-overs 297, 336 
hunting/poaching access in remote areas 11, 12, 21, 
400, 400 
potential impact of proposed Serengeti road 461 


I-90 Wildlife Bridges Coalition, United States 486, 486 
Iberian lynx protection, Spain 308, 308 
India 426 
mitigation needs 428 
National Highways Development Project (NHDP) 431 
road networks in and around protected areas 426 
threats from roads to religious enclaves 426-8, 427 
see also tiger case study, India 
industrial linear corridors (ILC) 229-35 
biological effects of 231 
longevity of impacts 232 
research needs 234 
forests 231, 233-4 
mitigation strategies 231-3 
potential impact in Asian countries 437 
reclamation 232 
variation in vulnerability to 231 
Infra Eco Network Europe (IENE) 488, 489 
Initiative for the Integration of Regional Infrastructure of 
South America (IIRSA) 408 
insect mortality 249, 250 
INTERBIODES, Argentina 409 


Index 517 


International Conference on Ecology and Transportation birds 146, 282 
(ICOET) 488-90 reptiles 146-7 see also road lighting 
invertebrates 248 light-emitting diodes (LEDs) 147 
barrier effects 250-251, 251 lizards see reptiles 
ecological significance of 249 low-traffic areas 17 
inclusion in environmental impact assessment 251-2 ecosystem services 17 
mitigation measures 253 Europe 18 
roadside habitat management strategies 253-5 initiatives across the world 19 see also roadless areas 
mortality rates 249 
pollution impacts 249-50 mammals 240-242 
investment plan 30 behavioural responses to roads and traffic 242 
large herbivores 344-50 
jaguar case study, Mayan Forests 313-15, 314, 315 crossing structure design requirements 347-50, 
habitat preference 313 348-50 
mitigation proposals and needs 314-15, 315 fencing requirements 349-50, 350 
movement patterns 313-14 landscape connectivity requirement 345-6 
road mortality 313 mitigation planning 346-7 
road-crossing frequency and locations 313-14, 314 Mount Kenya elephant corridor and underpass case 
Jersey barriers 165-6, 165 study 253-5, 254, 255 
Juma Sustainable Development Reserve, Brazil 420 wildlife—vehicle collisions 345-6, 346 
jump-outs 166-8, 167 population-level effects 240-242, 327 
Serengeti-Mara migration 456-9, 458 
Kazakhstan 473-7 ecological importance of 458-9, 459 
migratory movements research need 477 small mammals 326-31 
temperate grasslands 473 barrier effects 327 
transportation network expansion 473-5 crossing structure design issues 328, 329, 330 
barrier effects 475 ecological significance of 326 
mitigation needs 475-6 fencing benefits 327-8 
Kenya see East Africa; Serengeti-Mara ecosystem road construction impact 326 
kernel density analysis 104, 105, 107 verge habitat design 328-9, 330 
species traits 242 see also carnivores; specific species 
land bridges 175, 176 manuals see best practice guidelines and manuals 
land-use pressures 11-12 Maximum Allowable Backlight, Uplight and Glare (BUG) 
landscape fragmentation ratings 148 
arid lands 385-7, 386-7 metapopulation 6 
carnivore vulnerability factors 301-2 microsatellite DNA markers 112 
ecological corridor maintenance 38-9 migration barriers 5 
fencing effect 444-5 amphibians, traffic management measures 267 
limitation need 39 large herbivores 345 
monitoring need 38 Kazakhstan and Mongolia 475 
no-net-loss of unfragmented lands principle 24 proposed Serengeti road impacts 462 see also 
railway effects 221-2 barrier effects 
thresholds in cumulative effects 35-6, 36 see also barrier Miistakis Institute, British Columbia 487 
effects Mikimi National Park, Tanzania 450 
landscape genetics 111 road impact studies 450 
applications in road ecology 111-12 mitigation hierarchy 49, 52, 53, 347 
collaborative approach 115-16 mitigation measures 
cost-effectiveness 116 design and installation 67-70 
study design 115 see also genetic studies early installation during road construction 63, 66-7 
landscape-scale effects 35 misinterpretations 67-8, 68, 69 
large herbivores see mammals need for specialist ecological input 68-70 
light quality of finish 63-4 
artificial light pollution 144 education of construction personnel 64 
as anatural stimulus 144 effectiveness evaluation 130-136, 141-2 
measurement related to biological relevance 144-6, 145 control site selection 134 
responses to artificial light 146-7 explanatory variable measurement 134 
amphibians 146-7 multiple species monitoring 135 


bats 146, 293-4 parameters of interest 131-2 
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mitigation measures (cont'd) 
research needs 79 
sampling scheme 132-4 
site selection 134 
study design 132, 133 
survey methods 135, 136 
target species identification 131 
target species monitoring 131 
environmental impact assessment 
recommendations 49-50 
flight diverters 284-5, 287 
goals of 67,131 
SMART approach 131 
industrial linear corridors 231-4 
invertebrate needs 253-5 
maintenance programmes 139 
collaborative approach 140 
consideration at design stage 141 
funding 140 
incorporation into existing programmes 140 
research and monitoring facilitation 141 
routine roadside maintenance issues 139 
structural and functional integrity 139-40 
pre-construction planning and review 62, 67 
railways 235-6 
road lighting negative effects 148 
road noise protection 156-7, 377 
pre-construction consideration 157 
strategy development 173-4 see also fencing; specific 
animal groups; wildlife crossing structures 
mitochondrial DNA markers 112 
Mongolia 473-7 
migratory movements research need 477 
temperate grasslands 473 
transportation network expansion 473-5 
barrier effects 475 
mitigation needs 475-6 
Mongolian gazelle 473, 474,475, 476 
monitoring 72, 73, 83 
as an integral part of road projects 78 
landscape fragmentation 38 
mitigation measure effectiveness 123-7 
amphibian measures 269 
crossing structure use 123-7, 131-4, 180 
multiple species monitoring 135 
research question formulation 73-5, 83 
strategic planning 79 
survey techniques 85-92 
mortality see wildlife mortality 
Mount Kenya elephant corridor and underpass case 
study 253-5, 254, 255 
mountain pygmy possum movement pattern, Australia 331 


Nagarahole Tiger Reserve, India 318-20, 319, 426 
National Wilderness Preservation System, United States 18 
Netherlands, wildlife corridor restoration 38-9 

‘no net loss’ concept 52, 54-5 


anticipation of uncertainty of risk 55, 57 
management and governance for 55-7 
unfragmented lands 24 
noise 152 see also road noise; train noise 
non-governmental organisations (NGOs) 485-6 
local practical projects 487 
policy influence 486-7 
public education role 486 
northern hairy-nosed wombat survey, Queensland 117 


one-way gates 166 
osprey nesting platform provision 286 
otters 
Cardiff University Otter Project 493 
crossing structures 307 
overpasses 175, 176 
bat use 297 
bird use 285-6 
carnivore use 305 
large herbivore use 348 
multi-use 177 
recreational co-use 186 
reptile use 276, 276 see also mitigation measures; wildlife 
crossing structures 
owl roadkill, South Africa 441-2, 441 


per capita travel 3 
pile driving, barotrauma and 156 
mitigation measures 156 
pipelines 229-31 see also industrial linear corridors (ILC) 
poaching access in remote areas 11, 12, 21, 400, 400 
potential impact of proposed Serengeti road 461 
pollution 
invertebrate sensitivity 249-50 
waterways 365 
in cities 394 
prevention 367 
population-level effects 6, 241 
amphibians 243 
birds 242 
carnivores 302-4 
mammals 240-242 
small mammals 327 
reptiles 243, 273-4 
power lines 229, 230 see also industrial linear corridors (ILC) 
primate case study, Diani, Kenya 341-3, 342, 343 
pseudo-experiments 75 
public education 486 


Quantum GIS software 106 


radio-tracking studies 88-91, 91 
railways 219-20 
barrier effects 222,475 
China 466 
habitat fragmentation 221-2 
Kazakhstan 474 


mitigation options 225-6 
Mongolia 474-5 
train noise effects 223 
use of by animals 222, 223 
wildlife-train collisions 220, 221, 223-4 
reclamation 
industrial linear corridors 232 
roads 23, 23,404 
carbon sequestration 23 
recreational co-use of crossing structures see wildlife crossing 
structures 
red crab protection, Christmas Island 258-60, 259, 260 
reflectors see warning reflectors 
replacement ponds for amphibians 266, 266-7 
reptiles 272-8 
barrier effects 277 
behavioural responses to roads and traffic 244, 272 
attraction to roads for basking 385 
mitigation measures 275-8 
predictive models of crossing locations 277-8 
movements and migration 272 
population-level effects 243, 274-5 
responses to artificial light 146-7 
road mortality 273, 274 
South Africa 442 
road verge use 272, 273 
habitat management for behaviour modification 277-8 
species traits 244 
vulnerability to road impacts 273-4 
research 72, 73, 83 
accessibility of findings 80 
coordinated global experiments 79 
housekeeping issues 93 
research question formulation 73-4, 83 
strategic planning 79 
study design 75-8, 76, 84 
survey techniques 85-92 see also data collection 
Ring Changbai Mountain Scenic Highway, China 468 
Ripley’s K statistics 103-4, 104, 106-7 
riprap 166, 166, 361 
river otter crossing structures 307 
road construction 30, 61 
collaborative nature of 66 
specialist ecologist/biologist input 66-7 
‘construct-only’ contract 61 
contagious development effects 21-2 
‘design and construct’ approach 61 
developing countries 402 
disturbance avoidance strategies 
amphibians 263 
bats 294 
birds 284 
early mitigation measure installation 63, 66-8 
economic importance of 2 
education of construction personnel 64 
fauna exclusion fence importance 63 
impact on small mammals 326 
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noise issues 152 
injuries to aquatic animals 156 
pre-construction planning 61-2, 67 
pre-construction review 62 
‘public/private partnership’ 61 
vegetation clearance 62-3 see also road impacts; 
road projects 
road density effects 6 
thresholds 6 
road ecology 7 
road expansion 11 
roadimpacts 3-6, 5,238 
beneficial effects 13 
cumulative effects 34-5 
drainage and run-off impacts 377 
habitat degradation 4-5, 238 
habitat loss 4, 238 
hunting/poaching access 11, 12, 21 
landscape-scale effects 35, 238 see also landscape 
fragmentation 
mortality 5,238 see also wildlife mortality 
movement facilitation 6 
movement restriction 5 see also barrier effects 
paved highways 13 
pristine areas 13 
research needs 79, 245 
ata collection issues 92-3 
response times 36, 37 
thresholds 35-6, 36 
uncertainties about 37-8 
variable responses to 244 
vulnerability factors 238, 238 see also behavioural 
responses to roads; mitigation measures; specific 
animal groups 
road lighting 144 
impacts of 144 
bats 293-4 
birds 282 
invertebrates 249 
lighting technology 147-8 
mitigation of effects 148 
research needs 148 
zoning guidance 148 see also light 
road noise 152 
construction noise 152 
injuries to aquatic animals 156 
impact on animals 79, 152-3 
bats 294 
birds 79, 152-5, 282 
invertebrates 250 
mitigation measures 156-7, 286-7, 377 
pre-construction consideration 157 
negative effects of 153 
hearing loss 153-6 
research needs 157 
road planning and maintenance agencies 28 
challenges 28-9 see also road projects 
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road policy modification 13 
road projects 
ecological input 30-31, 31 
stages 29-30, 29 
construction 30 
environmental impact assessment 30 
operation and maintenance 30 
strategic planning 30 
standards and guidelines 31 see also 
road construction 
road reclamation 23, 23, 404 
carbon sequestration 23 
Road Watch project, South Africa 499-500 
‘road-effect’ zone 3, 4 
road-mapping scheme 13-14, 14 
roadkill surveys 85, 87 
bias in 96 
Brazilian National Wildlife Roadkill Database 409-10 
South Africa 443 
need for standardised protocol 442-4, 442 
see also wildlife mortality; wildlife/roadkill 
observation systems (WROS); wildlife—vehicle 
collisions (WVCs) 
roadless areas 17 
biodiversity preservation 17 
ecosystem services 17 
global roadless areas 18 
initiatives across the world 19 
no-net-loss of unfragmented lands principle 24 
planning to avoid roadless areas 18-21, 24, 24 
protection in the United States 18 
roadside habitat 373-80 
aridlands 383-4, 384 
Asian countries 434, 434, 435 
bird attraction to 282-4 
measures to discourage 287 
carnivore attraction to 305 
conservation of rare and threatened species 374-6, 
375, 376 
corridor function 328 
drainage and run-off impacts 377 
ecological traps 376-7 
fire risk management 379-80 
invasive species avoidance 377-9, 378 
invertebrate preferences 253-5 
large herbivore discouragement 350 
management challenges 374 
native plant use 377 
reptile preferences 277-8 
small mammal preferences 328-9, 330 
fenced verge benefits 327-8 
traffic hazard management 376 
roe deer 
crossing structure use, Netherlands 127, 130 
genetic exchange study, Switzerland 115 
Rospuda valley, Poland 21 
Rwanda see East Africa 


saiga antelope 473,475 
seismic lines 229-31, 230, 232 see also industrial linear 
corridors (ILC) 
Serengeti—Mara ecosystem 456, 457 
ecosystem value 462 
mammalian migration 456-9, 458 
ecological importance of 458-9, 459 
susceptibility to infrastructure development 459 
proposed road potential impacts 456, 460-463 
barrier effects 462 
increased public access and poaching 461, 461 


ineffectual nature of proposed mitigation measures 462 
irreversible nature of impacts 461-3 see also East Africa 


Siriema software 106, 107 
small mammals see mammals 
snakes see reptiles 
sound barriers 156-7 
South Africa 440 
fencing as mitigation measure 444-5, 444 
negative effects of 444-5, 444 
grain spillage threats 441-2 
limited road impact data 441 
Road Watch project 499-500 
wildlife—vehicle collisions 440-441, 441 
economic costs of 440 
intentional roadkill 445, 446 


need for standardised roadkill survey protocol 442-3, 442 


South America 408 
impacts on protected areas 410 
poor quality environmental impact assessments 409 


road ecology as an emerging discipline 410-412, 411,412 
road network expansion 408-9 see also Amazon rainforest 


southern brown bandicoot predation in underpass, 
Australia 194, 194 
strategic environmental assessment (SEA) 30, 33 
streams 358 
complexity of natural stream habitats 358, 358 
crossing design 360-362, 362, 363, 367 


stream simulation approach 362, 363, 367-8, 369, 370 


erosion effects 359-60 
Integrated Streambank Protection Guidelines 360 
protection of natural stream processes 359, 360, 361 
road impacts on 359-60 see also fish 
study design 75-8, 76, 84 
BACI design 75,115 
CI (control-impact) design 75,115 
genetic studies 115 
manipulative studies 75, 77, 78 
mitigation measure evaluation 132 
crossing structure effectiveness 120-121, 132, 133 
observational studies 75 
space-for-time substitution 115 
survey techniques 85-92, 86 
animal tracking 88-91, 91 
animal tracks 85, 87 
camera traps 85-8, 88 
genetic studies 91-2, 92 


interventional methods 88, 89-90 


mitigation measure evaluation 123, 124-5, 126,126,135 


roadkill surveys 85, 87 
wildlife census 88 
Switzerland, wildlife corridor restoration 38 


Tanzania see East Africa; Serengeti-Mara ecosystem 
tiger case study, India 317-20 
night road closure strategy in reserves 318-20 
road impacts on tiger populations 317-18 
toads, roadkill analysis 104-8, 104, 105, 106 see also 
amphibians 
Total Initial Luminaire (TIL) 148 
traffic noise see road noise 
traffic-related pollution, invertebrate susceptibility 249-50 
train noise 223 see also railways 
Trans-Mongolian Railway 475 
tree-dwelling animals see arboreal animals 
tropical environments 
deforestation 11, 11,21 
extreme rainfall event impacts 400-401, 401 
mitigation measures 403-4, 404 
narrow, unpaved road benefits 401-2 
road impacts 398 
barrier effects 399 
hunting/poaching access 11, 12, 21, 400, 400 
roadkill 400 
vulnerability to 21, 398 
undisturbed region protection 402-3 
weed growth problem 399, 399 see also Amazon 
rainforest 
turtles 
responses to artificial light 146 
roadside behaviour issues 278 
vulnerability to road impacts 273 see also reptiles 


Uganda see East Africa 
underpasses 174-5, 175 
bird use 286 
design issues 
amphibians 174, 175, 264-5, 265 
arboreal animals 337, 338 
bats 294-7, 295, 296 
carnivores 305-7, 306, 307 
fauna furniture 139-40 
large herbivores 347-9, 348, 349 
reptiles 276, 276 
elephant case study, Mount Kenya 353-5, 354, 355 
maintenance 139-40, 267, 268 
multi-use 177 
predator-prey interactions in 191-6, 192, 194 
outcomes related to co-evolution 193-4 see also 
mitigation measures; wildlife crossing structures 
Unfragmented Areas by Traffic (UAT), Germany 18, 20 
urban environments 392-5 
biodiversity in 392-3 
community involvement in road planning 394-5 
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mitigation measures 393 
road impacts 393 
on people 394 
visibility of 394 
waterway pollution 394 


value engineering 69 

vegetation clearance for road construction 62-3 
Venezuela, National Railway Development Plan 408 
verges see roadside habitat 

viaducts 174, 175 

vigilance behaviour, road noise effect 153 


warning reflectors 214, 214 
effectiveness studies 215 
light color and intensity significance 215-16 
recommendation against use 216 
warning signs 102, 199-204, 350 
combined use with other mitigation measures 208-9 
enhanced warning signs 199-200, 200, 203, 203 
factors influencing effectiveness 202—4 
seasonal signs 200, 201 
standard warning signs 199, 199, 200, 203 
temporal signs 200, 203, 204 see also animal detection 
systems 
warning whistles 215 
ineffectiveness of 216 
web-based reporting systems see wildlife/roadkill observation 
systems (WROS) 
weed growth, tropical rainforests 399, 399 
wildcat protection, Germany 309 
Wilderness Act (1964), United States 18 
wildlife census 88 
interventional methods 88, 89-90 
wildlife corridors 
maintenance 38-9 
road verge role 328 
Wildlife Crossing Design Team, Florida 69 
wildlife crossing structures 173 
adaptive management 180, 181 
alternatives to 180-181 
Asian countries 434-5, 436 
bird use 285-6 
China 468, 469 
choice of structure 177-9 
design issues 179-80, 179 
amphibians 174, 175, 263-5, 264 
bats 294-7, 295, 296 
carnivore 305-8, 306, 307 
invertebrates 254 
large herbivores 347-50, 348, 
349, 350 
reptiles 276,276 
small mammals 328, 329, 330 
diversity 174 
early installation during road 
construction 63 
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wildlife crossing structures (cont'd) 

evaluation of use 120, 180 
control site data use 121-3, 121, 122 
control site selection 134 
explanatory variable measurement 123-7, 134 
intended type and frequency of use 120 
parameters of interest 131-2 
site selection 134 
study design 120-121, 132, 133 
survey methods 123, 124-5, 126 
target species identification 120, 131 
target species monitoring 131 

fencing use to funnel animals toward structures 160, 

179, 309 

landscaping 179 

location 180 

maintenance 180, 267 

multi-use structures 175-7, 177 

predator-prey interactions at 191-6, 192 
design implications 195-6, 195 
null effect scenario 191 
outcomes related to co-evolution 193-4 
prey exclusion/avoidance scenario 191 
prey trap scenario 191 
research needs 194 

quality of finish 63-4 

railways 225 

recreational co-use 185, 186 
design principles 187-8, 187, 188 
efficacy study needs 188-9 
wildlife responses to 186-7 

South American countries 411-12 

spacing 180, 349 

tropical roads 403, 404 

urban areas 393, 394 see also canopy connectivity; 

mitigation measures; overpasses; underpasses 
wildlife mortality 5 

arid land roads 385 

bats 293 

birds 282-4, 283 

carnivores 302-4, 302 
African wild dogs 323, 324 
jaguars 313 
tigers 317 

China 468 

invertebrates 249 

reptiles 273, 274 


small mammals 327 
study method 96-100 
carcass detectability incorporation 97, 99-101 
carcass persistence incorporation 96, 97-101, 97, 98 
tropical ecosystems 400, 400 see also roadkill surveys; 
wildlife/roadkill observation systems (WROS); 
wildlife—train collisions; wildlife—vehicle collisions 


wildlife/roadkill observation systems (WROS) 493-500, 494-5 


data analysis 498 

digital technologies for reporting 497, 497 
methodological approach 497-8 

opportunistic versus targeted data collection 500 
purpose and goals 493-6, 496 

recording methods 493 

reporter bias issues 500 

social network requirements 496-7 


wildlife-train collisions (WTC) 220, 221, 223-4 


Sweden 224 


wildlife—vehicle collisions (WVCs) 102 


arid land roads 385 
bats 293 
birds 282-4, 283 
carnivores 302-4, 302 
influencing factors 304-5 
costs to society 6-7, 102, 346 
documentation need 346 
hotspot/hot moment identification 102, 103-4 
GPS technology role 103 
HotSpot Identification analysis 104, 107-8 
kernel density analysis 104, 105, 107 
predictive models 106 
reptile crossing location prediction 277 
Ripley’s K technique 103-4, 104, 106-7 
human mortality 6 
invertebrates 249 
large herbivores 345-6 
mitigation see mitigation measures; specific animal groups 
reptiles 273 
prediction of crossing locations 277-8 
roadside habitats as ecological traps 376-7 
South Africa 440-444, 441 
intentional roadkill 445, 446 
tropical ecosystems 400, 400 
wildlife mortality rates 5 see also roadkill surveys; wildlife 
mortality; wildlife/roadkill observation systems 
(WROS) 


wire gantries 297 
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